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ABSTRACT 
 Peripartal dairy cows undergo extensive changes in metabolism and experience immune 
system adaptations which can hinder short-term health, production, and longevity.  Various 
prepartum nutritional strategies have been implemented to alleviate negative consequences and 
maximize benefits to both cow and dairy producer.  With the objective of characterizing some of 
these nutrition-system interactions at a molecular level, two studies were conducted on peripartal 
dairy cows in order to 1) determine effects of body condition score (BCS) on adipose gene 
expression, or supplemental rumen-protected methionine on liver and polymorphonuclear 
(PMNL) gene expression of fatty acid-sensing G-protein coupled receptors (GPCRs), and 2) 
evaluate the effect of overfeeding during the dry period on the PMNL transcriptome.   
 In the first study, cows were either 1) retrospectively classified as having high (HI; BCS 
> 3.75) or low (LO; BCS < 3.25) BCS at -3 wk from parturition, or 2) assigned to a control 
(CON) or methionine-supplemented (MET) dietary group during the dry period.  Gene 
expression was determined through qPCR for four GPCRs: G-protein coupled receptor 40 
(GPR40), G-protein coupled receptor 120 (GPR120), G-protein coupled receptor 84 (GPR84), 
and G-protein coupled receptor 109A (GPR109A, also known as hydroxycarboxylic acid 
receptor 2/3, HCAR2/3), throughout the transition period (-10, +7, and +20 or +30 d) in 
subcutaneous adipose tissue of HI and LO cows, and in liver and PMNL of CON and MET 
cows.  In adipose tissue, GPR84 expression increased postpartum (P < 0.01) and in LO vs. HI 
cows at +7 d from parturition (P < 0.05).  GPR120 expression decreased postpartum (P < 0.01), 
and GPR40 was not expressed.  In PMNL, GPR40 expression gradually decreased over time and 
was lower in MET vs. CON cows (P < 0.05).  GPR84 expression was higher in MET vs. CON 
iii 
 
(P < 0.05), and GPR120 was not expressed.  In liver, GPCR were either not expressed, or were 
barely detectable with no significant effects.   
For the second study, PMNL were collected from the coccygeal vein at -14 and +7 d 
relative to parturition from cows which were overfed (OVE; NEL = 1.62 Mcal/kg DM) or 
control-fed (CON; NEL = 1.34 Mcal/kg DM) during the dry period.  Transcriptomes of OVE vs. 
CON were compared via microarray technology.  Subsequently, KEGG pathway analysis of 
1806 differentially expressed genes (DEG; FDR < 0.05) was conducted using the Dynamic 
Impact Approach (DIA).  The top 20 impacted (i.e.: most relevant) pathways fell into three 
KEGG categories: Metabolism, Genetic Information Processing, and Organismal Systems.  
Individual impacted pathways indicated that overfeeding was related to several important 
metabolic and functional PMNL adaptations during the transition period.  Many of these 
pathways and flux (i.e.: direction) of their impact also supported that transcription-level changes 
were consistent with signs of chronic inflammation, e.g., prioritization of survival over immune 
function.   
Combined results of these studies demonstrate that peripartal cows experience important 
nutrition-driven, transcription-level adaptations with regard to metabolism, e.g., glucose and 
lipid metabolism, and immunity, e.g., neutrophil functions.  It appears that manipulating BCS 
and supplementing methionine could be effective nutritional strategies to improve immune 
function and glucose-lipid metabolic networks, while overfeeding should be avoided to prevent 
immune dysfunction.  Further work on fatty-acid sensing GPCR may contribute to peripartal 
research, and other gene targets can be derived from microarray studies.  Overall, profiling the 
transcriptome can provide great insight into relationships between immune and metabolic 
networks, and health outcomes in peripartal dairy cows.  
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  INTRODUCTION 
 The condition of transition cows has been of particular interest for several years 
(Drackley, 1999).  Calving induces a severe stress on cows, and sick behavior such as depressed 
dry matter intake (DMI) is commonly observed (Grummer et al., 2004).  Simultaneously, energy 
demands rise to account for milk production, and as a result, fat must be mobilized to meet 
residual energy demand (Bauman and Currie, 1980).  The internal environment during this time 
(e.g., hormone fluctuations and increments in fatty acids) disrupts metabolic capacity, promotes 
immunosuppression, and further reduces ability of the cow to sustain adequate health and 
production (Bell, 1995, Goff and Horst, 1997).   
Nutritional strategies can often be used to modify the degree of change in voluntary DMI, 
lipolysis, and energy balance (EB), and therefore improve transition outcomes (Ingvartsen, 
2006).  Adjusting feed energy level or intake can keep cows from becoming too fat or too thin 
(Holter et al., 1990, Ingvartsen, 2006).  Moderately restricting feed or feeding to maintenance 
requirements typically enhances fertility, milk yield, and health parameters (Beever, 2006, 
Cardoso et al., 2013, Huang et al., 2014), while overfeeding can reduce immune function and 
health status (Dann et al., 2006, Graugnard et al., 2013, Zhou et al., 2015).  However, there are 
body condition score (BCS) interactions of which producers should be aware (Vailati-Riboni et 
al., 2016).  Therefore, target feeding to achieve an ideal BCS by the time of calving, or feeding 
based on BCS, can maximize postpartal outcomes (Contreras et al., 2004, Akbar et al., 2015).   
Supplementing feed with specific nutrients can also be beneficial.  Methionine, for 
instance, is a limiting amino acid for cattle, and is in higher demand during lactation (Schwab et 
al., 1992, NRC, 2001).  Supplementing rumen-protected methionine has improved milk yield, 
milk protein, and even milk fat in early lactation (Osorio et al., 2013, Zanton et al., 2014, Zhou et 
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al., 2016b).  Supplemental methionine has also improved immune functions and overall status of 
transition cows (Osorio et al., 2014, Zhou et al., 2016a).   
Broad, system-level effects of nutritional strategies may be the result of direct action, 
e.g., by feeding nutrients that can be used as signaling ligands, or indirect action, e.g., by altering 
lipolysis which affects fatty acid signaling (Kaput and Rodriguez, 2004).  Regardless, a 
multitude of transcription-level effects precede and accompany the changes which are visible at 
the system-level (Mutch et al., 2005).  Therefore, transcriptome analysis can help elucidate 
mechanisms of biological action, and improve current and future nutritional approaches.   
Accordingly, the aim of these two studies were to 1) determine effects of BCS on adipose gene 
expression, or supplemental rumen-protected methionine on liver and polymorphonuclear 
leukocytes (PMNL) gene expression of fatty acid-sensing G-protein coupled receptors (GPCRs), 
and 2) evaluate the effect of overfeeding during the dry period on the PMNL transcriptome. 
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CHAPTER 1 
LITERATURE REVIEW 
 
The Transition Period 
 The transition period, or peripartal period, is most often defined as the three weeks 
preceding calving until three weeks following calving (Drackley, 1999).  In the early transition 
period, cows are roughly halfway through the dry period, a break in their lactation cycle to allow 
for mammary involution and preparation for milk production (Oliver and Sordillo, 1989).  
During this time, their metabolic priority is maintaining the fetus, which is in a phase of rapid 
growth (Bauman and Currie, 1980).  After calving, however, metabolic priority shifts to produce 
(colostrum first, and then) milk (Bell, 1995).  The crux of the transition period exists here, after 
calving: energy requirements and stress on the system increase, dry matter intake (DMI) drops, 
and resulting conditions of negative energy balance (NEB) put the cow at risk for severe 
metabolic disorders which compromise health and profitability (Grummer, 1995, Goff and Horst, 
1997, Drackley, 1999).  Current research in the transition period focuses largely on nutritional 
and management strategies – both pre- and postpartum – which minimize impacts of NEB on 
health and maximize benefits to production.  By reducing severity of NEB, raising EB nadir, 
and/or reducing recovery time to reach positive EB, it is believed that cows will have greater 
success in transitioning (Ingvartsen and Moyes, 2013, Puppel and Kuczynska, 2016).   
Lipid Metabolism 
 One of the signature features of the peripartal period is lipomobilization, which begins 
prepartum, and peaks by two weeks postpartum (Bauman and Currie, 1980, Grummer, 1995).  In 
adipose tissue, lipogenesis and lipolysis are tightly co-regulated, and around calving, lipid 
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metabolism is integrated with glucose metabolism in homeorhetic support of lactation (Bauman 
and Currie, 1980).  Close to calving, low insulin production and peripheral insulin resistance 
serve to spare glucose for the mammary gland.  In adipose tissue, these changes also suppress 
lipogenesis and help stimulate the release of fatty acids (FA) instead (Ospina et al., 2013).   
Free fatty acids (FFA) can be utilized directly in the mammary gland (Pullen et al., 1989), 
or pass through the liver for β-oxidation or repackaging into very low density lipoproteins 
(VLDL; Katoh, 2002).  However, in the ruminant liver, compared with nonruminant liver or 
ruminant adipose, there is relatively lower ability to synthesize triglycerides from FFA (Pullen et 
al., 1990).  Thus, the overwhelming rate and degree of lipomobilization creates a bottleneck in 
VLDL pathways.  Above processing capacity, FA may be incompletely oxidized into ketones or 
deposited in the liver rather than exported (Ingvartsen, 2006).  These “last resort” outcomes for 
FA contribute directly or indirectly (i.e.: through FA- or ketone-induced immunosuppression; 
Hoeben et al., 1997, Lacetera et al., 2004) to peripartal diseases like ketosis, fatty liver, displaced 
abomasum (DA), retained placenta, and metritis (Grummer, 1993, Kaneene et al., 1997, LeBlanc 
et al., 2005, Ingvartsen, 2006).  Therefore, improving not only EB, but FA metabolism, could 
determine cow health status.  Studies of adipose tissue and liver are key to identifying and 
understanding areas where lipid metabolism could be manipulated. 
The Immune System 
 The immune system has two distinct but cooperative components.  The initial, immediate 
but non-specific response is the innate immune response (Parkin and Cohen, 2001).  Innate 
immune cells infiltrate injured or infected tissue, induce signals to attract other immune cells, 
ingest pathogens and debris, and present antigens (i.e.: activate adaptive immune cells; Chaplin, 
2010).  In fact, innate immune cells, especially neutrophils (PMNL), are responsible for 
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producing acute inflammatory responses (Delves and Roitt, 2000a).  On the other hand, the 
secondary response is the adaptive immune response, which takes longer to activate but is more 
specific (Parkin and Cohen, 2001).  Adaptive immune cells perpetuate cytokine signaling, kill 
infected cells, and contribute to immune memory (Delves and Roitt, 2000b).   
Because the innate immune system yields a faster response, and is involved in 
inflammation to a greater extent than the adaptive immune system, it is (for now) more important 
to transition period research.  Neutrophils are often considered adequate representation for the 
innate immune system, since they are the first responders to sites of injury and infection, and 
make up 25% of circulating leukocytes in bovine (Paape et al., 2003).  PMNL-centered research 
has so far demonstrated interesting transition period immune adaptations: gene expression 
indicates reversals in priorities, from migration, bactericidal functions, and apoptosis, to 
extended survival and reproductive tissue remodeling (Chang et al., 2004, Madsen et al., 2004, 
Burton et al., 2005).  However, upstream mechanisms and downstream consequences of the 
above changes are still not entirely clear.  Fluctuations in hormones and other metabolites in 
circulation certainly play a role (Weber et al., 2001, Sordillo and Raphael, 2013).  Metabolic 
adaptations, e.g., adjusting to low glucose availability, may also have strong effects (Moyes, 
2015).  Thus, analyzing data through –omics technologies, or combining data sets (i.e.: 
connecting blood and production parameters with gene expression), should allow for a more 
holistic interpretation of transition period changes than focused and isolated studies of the 
immune system (e.g., targeted qPCR or limited arrays). 
The Immunometabolic Network 
In transition dairy cows, the immune system forms a complex network with the endocrine 
system and metabolism.  While hormone changes like elevated glucocorticoids can 
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simultaneously induce changes in metabolism (e.g., lipolysis; Holm, 2003) and immunity (e.g., 
suppression of leukocytes; Burton et al., 2005), it can also modify one through the other, for 
instance, as FFA stimulate immunosuppression (Lacetera et al., 2004).  Additionally, 
deficiencies in energy sources, protein, and vitamins or cofactors can diminish immune cell 
function (Goff and Horst, 1997, Moyes, 2015).    Under immunosuppressive conditions, 
secretion of pro-inflammatory cytokines by cow tissues rather than infection (e.g., in adipose; 
Van Saun and Sniffen, 2014) can result in chronic inflammation (Sordillo and Raphael, 2013).  
In many transition cows, this cellular environment is a major risk factor for development of 
metabolic and peripartal disease, as well as poor lactation performance (Burton et al., 2001, 
Bertoni et al., 2008).   
Nutrigenomics  
 The –omics approach (i.e.: generating large data sets with biological value; Yadav, 2007) 
has incredible potential within animal sciences.  The fields of genomics, the global analysis of an 
entire genome, and transcriptomics, large-scale analysis of gene expression, are especially useful 
in beginning to understand molecular control of health (Mutch et al., 2005).  In context of cattle, 
one can see practical applications of enhanced genomic knowledge within breeding systems 
which are heavily based on genetic potential (Van Eenennaam et al., 2014).   
However, a long-held tenet of biology has been that phenotypes (i.e.: visible outcomes) 
are influenced by a combination of genes and the environment (Hunter, 2005).  In bovine, one of 
the major environmental factors in control of health and production is nutrition.  Nutrients not 
only contribute to system-wide metabolism and energy production – which have their own 
secondary effects, addressed elsewhere in this and other chapters – but may also act directly as 
cell signaling molecules (Raqib and Cravioto, 2009).  Elucidating these properties of nutrients 
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(i.e.: signaling, especially through transcription factors) is the primary goal of nutrigenomics 
(Bionaz et al., 2015).   
One of the best examples, and most relevant to this work, is fatty acids.  As previously 
mentioned, varying states of FA metabolism (i.e.: the balance between lipogenesis, lipolysis, and 
altered concentration of FA in blood) may have differential effects on the system (Drackley, 
1999).  More than that, however, individual FA may be received by cell surface receptors (e.g., 
GPCRs; Miyamoto et al., 2016), or intracellular receptors (e.g., peroxisome proliferator-activated 
receptors, PPARs; Muller and Kersten, 2003).  Specific chemistry of the FA ligand will factor 
into differential cell signaling, where one common outcome is modified transcription (Fekete and 
Brown, 2007).   
Transcriptomics, therefore, can be a major tool in validating benefits or consequences of 
a particular feeding strategy.  Technologies like microarrays can identify gene targets that are 
more likely to be altered by a particular nutrient, and subsequent analyses can help determine 
directional changes and pathways of interest (Bionaz et al., 2012).  This helps shape emerging 
research and concepts of “ideal nutrition.” 
Energy Feeding Strategies 
 Developing ideal diets and feeding guidelines is crucial for transition health.  This is 
especially true in the dry period, since prepartal dietary intake and composition has been 
correlated with postpartal intake and health (Grummer et al., 2004, Ingvartsen, 2006).  However, 
the ideal prepartal diet of several years ago has recently been challenged.  Just two decades ago, 
it was recommended to feed dry cows with dry matter or energy above the National Research 
Council (NRC) requirements, even though relative benefits of underfeeding and increasing 
forage:concentrate ratio were simultaneously reported (Grummer, 1995).  Now it appears that 
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benefits of overfeeding had been overstated or confounded, and there is more agreement that 
reducing energy level, or controlling or restricting feed instead seems to improve fertility, 
disease risk and incidence, and possibly milk yield (Beever, 2006, Cardoso et al., 2013, 
Graugnard et al., 2013, Huang et al., 2014).  Additionally, current management typically 
separates diets of the far-off and close-up periods, such that the close-up diet considers more 
rapid growth of the fetus and development of the mammary gland (Bauman and Currie, 1980, 
Overton and Waldron, 2004).  Differential impacts of altering the far-off versus close-up diet 
from recommendations has also been demonstrated (Dann et al., 2006).   
Postpartum, the basal lactation diet tends to be more consistent than dry period diets; it is 
obvious that fresh cows should be fed higher concentrate or energy levels to accommodate 
higher maintenance and milk production requirements (Bell, 1995, NRC, 2001).   
Body Condition 
 There is an innate relationship between nutrition and BCS, such that nutrition can be used 
to purposefully manipulate BCS, either for research purposes or as a prevention strategy for 
peripartal health problems associated with less favorable BCS (Holter et al., 1990, Ingvartsen, 
2006).  In studies that examine effects of both BCS and dry period diet, BCS x Feeding 
interactions are frequently reported, indicating that both are important and distinct management 
variables (Contreras et al., 2004, Vailati-Riboni et al., 2016) 
 Several scales exist to score BCS, but the common scale in the United States uses 5 total 
points with 0.25 point increments to describe cows as very thin (1.0) to very fat (5.0; Edmonson 
et al., 1989).  To avoid extremes, ideal BCS has ranged from 3.0-4.0.  More recently, as optimal 
dry period nutrition has moved toward controlling feed, optimal BCS has followed, shifting from 
the higher end of that range to the lower end (Bewley and Schutz, 2008).  Overconditioned cows 
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(i.e.: with scores above optimal) tend to have greater NEB with slower recovery, inflammation, 
and worse health status (e.g., liver triglyceride accumulation and ketone levels), consistent with 
more fat mobilization (Roche et al., 2007, Khan et al., 2014, Zhou et al., 2015).  
Underconditioned cows, however, tend to have a lower nadir EB postcalving, and less milk fat 
(Holter et al., 1990, Roche et al., 2007).   
G-protein Coupled Receptors 
 GPCRs are a superfamily of (genes and) proteins which have diverse ligands and activity 
(Perez, 2003).  The common features of this superfamily are seven transmembrane α-helices, and 
interaction with heterotrimeric intracellular G-proteins (α, β, and γ), through which signaling is 
achieved.  However, vast differences in ligands and phylogeny have allowed deeper 
classification of GPCRs into five distinct families (Neves et al., 2002, Fredriksson et al., 2003).  
Specific subclasses of receptors from the rhodopsin-like family are of particular interest to this 
work, and are described after an overview of general GPCR function.   
First, GPCR activation by appropriate ligands causes a change in receptor conformation, 
which activates associated G-proteins (Kroeze et al., 2003).  Downstream signaling networks are 
often initiated by the dissociation of Gα-proteins, or activity of the Gβγ complex, which directly 
alter effector molecules and second messengers, e.g., cAMP or phosphate groups (Marinissen 
and Gutkind, 2001).  Ultimately, these signals converge on the mitogen-activated protein kinase 
(MAPK) pathways (Neves et al., 2002), which regulate transcription, the cell cycle, apoptosis, 
and inflammation (Zhang and Liu, 2002).  However, it should be noted that G-protein-
independent pathways can also be activated (Rosenbaum et al., 2009). 
 Because some GPCRs have the capacity to link metabolism and immunity – a long-term 
goal of transition period research (Sordillo and Raphael, 2013) – understanding their expression 
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and roles in bovine may be useful.  Genes investigated in this work include three members of the 
free fatty acid receptor (FFAR) family and one from the hydroxycarboxylic acid receptor 
(HCAR) family.  Specifically, FFARs of interest are: FFAR1 (GPR40), FFAR4 (GPR120), and 
recently de-orphanized GPR84.  GPR40 and GPR120 receive medium- (MCFA) and long-chain 
FA (LCFA), and have strong roles in insulin and glucose homeostasis, as well as ERK (i.e.: 
MAPK) signaling (Hara et al., 2014).  They can also alternatively stimulate β-arrestin2 (Alvarez-
Curto and Milligan, 2016).  GPR84 is activated only by MCFA, and signals primarily pro-
inflammatory signaling (Suzuki et al., 2013).  Although not related to the FFARs, GPR109A 
(HCAR2/3 in bovine) is also of interest for its metabolic roles; namely, that upon stimulation by 
niacin or hydroxybutyrate (BHBA), it exerts anti-lipolytic effects (Offermanns, 2014).  In-depth 
discussion of these GPCRs has been undertaken in Chapter 2, and supports meaningful roles and 
interactions for the receptors in bovine.   
Methionine  
 Methionine is one of the most limiting amino acids for cattle (Schwab et al., 1992).  
Although some methionine is provided by rumen microbes, it is still considered an essential 
amino acid in ruminants (Purser and Buechler, 1966, NRC, 2001).  Therefore, periods of 
elevated protein demand such as growth, late pregnancy, and lactation (Bell, 1995, NRC, 2001), 
and/or periods of low protein balance, as in the postpartal transition period (Grummer, 1995), 
may require supplemental dietary methionine.  Because it is a major limiting amino acid, 
increasing methionine availability will also stimulate incorporation of other, non-limiting amino 
acids into milk proteins, e.g., and/or allow reduction in dietary crude protein, which reduces 
nitrogen excretion and waste (Broderick et al., 2009).  To this end, supplementation of rumen-
protected (i.e.: more bioavailable to ruminants) methionine increases milk protein yield during 
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lactation (Zanton et al., 2014).  Some studies also report increases in total milk yield and/or milk 
fat – two more signs of enhanced production and producer benefit – when methionine is 
supplemented (Schmidt et al., 1999, Socha et al., 2005, Osorio et al., 2013). 
 Additionally, methionine is a precursor for cysteine (Brosnan and Brosnan, 2006), is 
responsible for methyl donation through S-adenosylmethionine (SAM) in the methionine cycle 
(Fontecave et al., 2004), and is typically the amino acid associated with initiation of translation 
(Drabkin and RajBhandary, 1998).  This means that at any phase in the life cycle, system 
requirements for methionine include: essential nutrient metabolism, methylation reactions, and 
cellular protein synthesis.  Methionine also has roles in the immune system, and supplementation 
to transition cows has been demonstrated to improve neutrophil functions and inflammation 
status (Osorio et al., 2013, Zhou et al., 2016a). 
  
14 
 
REFERENCES 
 
Akbar, H., T. M. Grala, M. Vailati Riboni, F. C. Cardoso, G. Verkerk, J. McGowan, K. 
Macdonald, J. Webster, K. Schutz, S. Meier, L. Matthews, J. R. Roche, and J. J. Loor. 2015. 
Body condition score at calving affects systemic and hepatic transcriptome indicators of 
inflammation and nutrient metabolism in grazing dairy cows. J Dairy Sci 98(2):1019-1032. 
Alvarez-Curto, E. and G. Milligan. 2016. Metabolism meets immunity: The role of free fatty 
acid receptors in the immune system. Biochem Pharmacol. 
Bauman, D. E. and W. B. Currie. 1980. Partitioning of nutrients during pregnancy and lactation: 
a review of mechanisms involving homeostasis and homeorhesis. J Dairy Sci 63(9):1514-1529. 
Beever, D. E. 2006. The impact of controlled nutrition during the dry period on dairy cow health, 
fertility and performance. Anim Reprod Sci 96(3-4):212-226. 
Bell, A. W. 1995. Regulation of organic nutrient metabolism during transition from late 
pregnancy to early lactation. J Anim Sci 73(9):2804-2819. 
Bertoni, G., E. Trevisi, X. Han, and M. Bionaz. 2008. Effects of inflammatory conditions on 
liver activity in puerperium period and consequences for performance in dairy cows. J Dairy Sci 
91(9):3300-3310. 
Bewley, J. M. and M. M. Schutz. 2008. Review: An interdisciplinary review of body condition 
scoring for dairy cattle The Professional Animal Scientist 24:507-529. 
Bionaz, M., J. Osorio, and J. J. Loor. 2015. TRIENNIAL LACTATION SYMPOSIUM: 
Nutrigenomics in dairy cows: Nutrients, transcription factors, and techniques. J Anim Sci 
93(12):5531-5553. 
Bionaz, M., K. Periasamy, S. L. Rodriguez-Zas, W. L. Hurley, and J. J. Loor. 2012. A novel 
dynamic impact approach (DIA) for functional analysis of time-course omics studies: validation 
using the bovine mammary transcriptome. PLoS One 7(3):e32455. 
Broderick, G. A., M. J. Stevenson, and R. A. Patton. 2009. Effect of dietary protein 
concentration and degradability on response to rumen-protected methionine in lactating dairy 
cows. J Dairy Sci 92(6):2719-2728. 
Brosnan, J. T. and M. E. Brosnan. 2006. The sulfur-containing amino acids: an overview. J Nutr 
136(6 Suppl):1636S-1640S. 
Burton, J. L., S. A. Madsen, L. C. Chang, P. S. Weber, K. R. Buckham, R. van Dorp, M. C. 
Hickey, and B. Earley. 2005. Gene expression signatures in neutrophils exposed to 
glucocorticoids: a new paradigm to help explain "neutrophil dysfunction" in parturient dairy 
cows. Vet Immunol Immunopathol 105(3-4):197-219. 
15 
 
Burton, J. L., S. A. Madsen, J. Yao, S. S. Sipkovsky, and P. M. Coussens. 2001. An 
immunogenomics approach to understanding periparturient immunosuppression and mastitis 
susceptibility in dairy cows. Acta Vet Scand 42(3):407-424. 
Cardoso, F. C., S. J. LeBlanc, M. R. Murphy, and J. K. Drackley. 2013. Prepartum nutritional 
strategy affects reproductive performance in dairy cows. J Dairy Sci 96(9):5859-5871. 
Chang, L. C., S. A. Madsen, T. Toelboell, P. S. Weber, and J. L. Burton. 2004. Effects of 
glucocorticoids on Fas gene expression in bovine blood neutrophils. J Endocrinol 183(3):569-
583. 
Chaplin, D. D. 2010. Overview of the immune response. J Allergy Clin Immunol 125(2 Suppl 
2):S3-23. 
Contreras, L. L., C. M. Ryan, and T. R. Overton. 2004. Effects of dry cow grouping strategy and 
prepartum body condition score on performance and health of transition dairy cows. J Dairy Sci 
87(2):517-523. 
Dann, H. M., N. B. Litherland, J. P. Underwood, M. Bionaz, A. D'Angelo, J. W. McFadden, and 
J. K. Drackley. 2006. Diets during far-off and close-up dry periods affect periparturient 
metabolism and lactation in multiparous cows. J Dairy Sci 89(9):3563-3577. 
Delves, P. J. and I. M. Roitt. 2000a. The immune system. First of two parts. N Engl J Med 
343(1):37-49. 
Delves, P. J. and I. M. Roitt. 2000b. The immune system. Second of two parts. N Engl J Med 
343(2):108-117. 
Drabkin, H. J. and U. L. RajBhandary. 1998. Initiation of protein synthesis in mammalian cells 
with codons other than AUG and amino acids other than methionine. Mol Cell Biol 18(9):5140-
5147. 
Drackley, J. K. 1999. ADSA Foundation Scholar Award. Biology of dairy cows during the 
transition period: the final frontier? J Dairy Sci 82(11):2259-2273. 
Edmonson, A. J., I. J. Lean, L. D. Weaver, T. Farver, and G. Webster. 1989. A body condition 
scoring chart for Holstein dairy cows. Journal of Dairy Science 72(1):68-78. 
Fekete, S. G. and D. L. Brown. 2007. Veterinary aspects and perspectives of nutrigenomics: a 
critical review. Acta Vet Hung 55(2):229-239. 
Fontecave, M., M. Atta, and E. Mulliez. 2004. S-adenosylmethionine: nothing goes to waste. 
Trends Biochem Sci 29(5):243-249. 
Fredriksson, R., M. C. Lagerstrom, L. G. Lundin, and H. B. Schioth. 2003. The G-protein-
coupled receptors in the human genome form five main families. Phylogenetic analysis, 
paralogon groups, and fingerprints. Mol Pharmacol 63(6):1256-1272. 
16 
 
Goff, J. P. and R. L. Horst. 1997. Physiological changes at parturition and their relationship to 
metabolic disorders. J Dairy Sci 80(7):1260-1268. 
Graugnard, D. E., K. M. Moyes, E. Trevisi, M. J. Khan, D. Keisler, J. K. Drackley, G. Bertoni, 
and J. J. Loor. 2013. Liver lipid content and inflammometabolic indices in peripartal dairy cows 
are altered in response to prepartal energy intake and postpartal intramammary inflammatory 
challenge. J Dairy Sci 96(2):918-935. 
Grummer, R. R. 1993. Etiology of lipid-related metabolic disorders in periparturient dairy cows. 
J Dairy Sci 76(12):3882-3896. 
Grummer, R. R. 1995. Impact of changes in organic nutrient metabolism on feeding the 
transition dairy cow. J Anim Sci 73(9):2820-2833. 
Grummer, R. R., D. G. Mashek, and A. Hayirli. 2004. Dry matter intake and energy balance in 
the transition period. Vet Clin North Am Food Anim Pract 20(3):447-470. 
Hara, T., D. Kashihara, A. Ichimura, I. Kimura, G. Tsujimoto, and A. Hirasawa. 2014. Role of 
free fatty acid receptors in the regulation of energy metabolism. Biochim Biophys Acta 
1841(9):1292-1300. 
Hoeben, D., R. Heyneman, and C. Burvenich. 1997. Elevated levels of beta-hydroxybutyric acid 
in periparturient cows and in vitro effect on respiratory burst activity of bovine neutrophils. Vet 
Immunol Immunopathol 58(2):165-170. 
Holm, C. 2003. Molecular mechanisms regulating hormone-sensitive lipase and lipolysis. 
Biochem Soc Trans 31(Pt 6):1120-1124. 
Holter, J. B., M. J. Slotnick, H. H. Hayes, C. K. Bozak, W. E. Urban, Jr., and M. L. McGilliard. 
1990. Effect of prepartum dietary energy on condition score, postpartum energy, nitrogen 
partitions, and lactation production responses. J Dairy Sci 73(12):3502-3511. 
Huang, W., Y. Tian, Y. Wang, A. Simayi, A. Yasheng, Z. Wu, S. Li, and Z. Cao. 2014. Effect of 
reduced energy density of close-up diets on dry matter intake, lactation performance and energy 
balance in multiparous Holstein cows. J Anim Sci Biotechnol 5(1):30. 
Hunter, D. J. 2005. Gene-environment interactions in human diseases. Nat Rev Genet 6(4):287-
298. 
Ingvartsen, K. L. 2006. Feeding- and management-related diseases in the transition cow: 
physiological adaptations around calving and strategies to reduce feeding-related diseases. 
Animal Feed Science and Technology 126(3/4):175-213. 
Ingvartsen, K. L. and K. Moyes. 2013. Nutrition, immune function and health of dairy cattle. 
Animal 7 Suppl 1:112-122. 
17 
 
Kaneene, J. B., R. Miller, T. H. Herdt, and J. C. Gardiner. 1997. The association of serum 
nonesterified fatty acids and cholesterol, management and feeding practices with peripartum 
disease in dairy cows. Prev Vet Med 31(1-2):59-72. 
Kaput, J. and R. L. Rodriguez. 2004. Nutritional genomics: the next frontier in the postgenomic 
era. Physiol Genomics 16(2):166-177. 
Katoh, N. 2002. Relevance of apolipoproteins in the development of fatty liver and fatty liver-
related peripartum diseases in dairy cows. J Vet Med Sci 64(4):293-307. 
Khan, M. J., C. B. Jacometo, D. E. Graugnard, M. N. Correa, E. Schmitt, F. Cardoso, and J. J. 
Loor. 2014. Overfeeding Dairy Cattle During Late-Pregnancy Alters Hepatic PPARalpha-
Regulated Pathways Including Hepatokines: Impact on Metabolism and Peripheral Insulin 
Sensitivity. Gene Regul Syst Bio 8:97-111. 
Kroeze, W. K., D. J. Sheffler, and B. L. Roth. 2003. G-protein-coupled receptors at a glance. J 
Cell Sci 116(Pt 24):4867-4869. 
Lacetera, N., D. Scalia, O. Franci, U. Bernabucci, B. Ronchi, and A. Nardone. 2004. Short 
communication: effects of nonesterified fatty acids on lymphocyte function in dairy heifers. J 
Dairy Sci 87(4):1012-1014. 
LeBlanc, S. J., K. E. Leslie, and T. F. Duffield. 2005. Metabolic predictors of displaced 
abomasum in dairy cattle. J Dairy Sci 88(1):159-170. 
Madsen, S. A., L. C. Chang, M. C. Hickey, G. J. Rosa, P. M. Coussens, and J. L. Burton. 2004. 
Microarray analysis of gene expression in blood neutrophils of parturient cows. Physiol 
Genomics 16(2):212-221. 
Marinissen, M. J. and J. S. Gutkind. 2001. G-protein-coupled receptors and signaling networks: 
emerging paradigms. Trends Pharmacol Sci 22(7):368-376. 
Miyamoto, J., S. Hasegawa, M. Kasubuchi, A. Ichimura, A. Nakajima, and I. Kimura. 2016. 
Nutritional Signaling via Free Fatty Acid Receptors. Int J Mol Sci 17(4). 
Moyes, K. M. 2015. TRIENNIAL LACTATION SYMPOSIUM: Nutrient partitioning during 
intramammary inflammation: A key to severity of mastitis and risk of subsequent diseases? J 
Anim Sci 93(12):5586-5593. 
Muller, M. and S. Kersten. 2003. Nutrigenomics: goals and strategies. Nat Rev Genet 4(4):315-
322. 
Mutch, D. M., W. Wahli, and G. Williamson. 2005. Nutrigenomics and nutrigenetics: the 
emerging faces of nutrition. FASEB J 19(12):1602-1616. 
Neves, S. R., P. T. Ram, and R. Iyengar. 2002. G protein pathways. Science 296(5573):1636-
1639. 
18 
 
NRC. 2001. Nutrient Requirements of Dairy Cattle: Seventh Revised Edition, 2001. The 
National Academies Press. 
Offermanns, S. 2014. Free fatty acid (FFA) and hydroxy carboxylic acid (HCA) receptors. Annu 
Rev Pharmacol Toxicol 54:407-434. 
Oliver, S. P. and L. M. Sordillo. 1989. Approaches to the manipulation of mammary involution. 
J Dairy Sci 72(6):1647-1664. 
Osorio, J. S., P. Ji, J. K. Drackley, D. Luchini, and J. J. Loor. 2013. Supplemental Smartamine M 
or MetaSmart during the transition period benefits postpartal cow performance and blood 
neutrophil function. J Dairy Sci 96(10):6248-6263. 
Osorio, J. S., E. Trevisi, P. Ji, J. K. Drackley, D. Luchini, G. Bertoni, and J. J. Loor. 2014. 
Biomarkers of inflammation, metabolism, and oxidative stress in blood, liver, and milk reveal a 
better immunometabolic status in peripartal cows supplemented with Smartamine M or 
MetaSmart. J Dairy Sci 97(12):7437-7450. 
Ospina, P. A., J. A. McArt, T. R. Overton, T. Stokol, and D. V. Nydam. 2013. Using 
nonesterified fatty acids and beta-hydroxybutyrate concentrations during the transition period for 
herd-level monitoring of increased risk of disease and decreased reproductive and milking 
performance. Vet Clin North Am Food Anim Pract 29(2):387-412. 
Overton, T. R. and M. R. Waldron. 2004. Nutritional Management of Transition Dairy Cows: 
Strategies to Optimize Metabolic Health. Journal of Dairy Science 87:E105-E119. 
Paape, M. J., D. D. Bannerman, X. Zhao, and J. W. Lee. 2003. The bovine neutrophil: Structure 
and function in blood and milk. Vet Res 34(5):597-627. 
Parkin, J. and B. Cohen. 2001. An overview of the immune system. Lancet 357(9270):1777-
1789. 
Perez, D. M. 2003. The evolutionarily triumphant G-protein-coupled receptor. Mol Pharmacol 
63(6):1202-1205. 
Pullen, D. L., J. S. Liesman, and R. S. Emery. 1990. A species comparison of liver slice 
synthesis and secretion of triacylglycerol from nonesterified fatty acids in media. J Anim Sci 
68(5):1395-1399. 
Pullen, D. L., D. L. Palmquist, and R. S. Emery. 1989. Effect on days of lactation and 
methionine hydroxy analog on incorporation of plasma fatty acids into plasma triglycerides. J 
Dairy Sci 72(1):49-58. 
Puppel, K. and B. Kuczynska. 2016. Metabolic profiles of cow's blood; a review. J Sci Food 
Agric. 
Purser, D. B. and S. M. Buechler. 1966. Amino acid composition of rumen organisms. J Dairy 
Sci 49(1):81-84. 
19 
 
Raqib, R. and A. Cravioto. 2009. Nutrition, immunology, and genetics: future perspectives. Nutr 
Rev 67 Suppl 2:S227-236. 
Roche, J. R., K. A. Macdonald, C. R. Burke, J. M. Lee, and D. P. Berry. 2007. Associations 
among body condition score, body weight, and reproductive performance in seasonal-calving 
dairy cattle. J Dairy Sci 90(1):376-391. 
Rosenbaum, D. M., S. G. Rasmussen, and B. K. Kobilka. 2009. The structure and function of G-
protein-coupled receptors. Nature 459(7245):356-363. 
Schmidt, J., P. Sipocz, E. Cenkvari, and J. Sipocz. 1999. Use of protected methionine (Mepron 
M 85) in cattle. Acta Vet Hung 47(4):409-418. 
Schwab, C. G., C. K. Bozak, N. L. Whitehouse, and M. M. Mesbah. 1992. Amino acid limitation 
and flow to duodenum at four stages of lactation. 1. Sequence of lysine and methionine 
limitation. J Dairy Sci 75(12):3486-3502. 
Socha, M. T., D. E. Putnam, B. D. Garthwaite, N. L. Whitehouse, N. A. Kierstead, C. G. 
Schwab, G. A. Ducharme, and J. C. Robert. 2005. Improving intestinal amino acid supply of pre- 
and postpartum dairy cows with rumen-protected methionine and lysine. J Dairy Sci 88(3):1113-
1126. 
Sordillo, L. M. and W. Raphael. 2013. Significance of metabolic stress, lipid mobilization, and 
inflammation on transition cow disorders. Vet Clin North Am Food Anim Pract 29(2):267-278. 
Suzuki, M., S. Takaishi, M. Nagasaki, Y. Onozawa, I. Iino, H. Maeda, T. Komai, and T. Oda. 
2013. Medium-chain fatty acid-sensing receptor, GPR84, is a proinflammatory receptor. J Biol 
Chem 288(15):10684-10691. 
Vailati-Riboni, M., M. Kanwal, O. Bulgari, S. Meier, N. V. Priest, C. R. Burke, J. K. Kay, S. 
McDougall, M. D. Mitchell, C. G. Walker, M. Crookenden, A. Heiser, J. R. Roche, and J. J. 
Loor. 2016. Body condition score and plane of nutrition prepartum affect adipose tissue 
transcriptome regulators of metabolism and inflammation in grazing dairy cows during the 
transition period. J Dairy Sci 99(1):758-770. 
Van Eenennaam, A. L., K. A. Weigel, A. E. Young, M. A. Cleveland, and J. C. Dekkers. 2014. 
Applied animal genomics: results from the field. Annu Rev Anim Biosci 2:105-139. 
Van Saun, R. J. and C. J. Sniffen. 2014. Transition cow nutrition and feeding management for 
disease prevention. Vet Clin North Am Food Anim Pract 30(3):689-719. 
Weber, P. S., S. A. Madsen, G. W. Smith, J. J. Ireland, and J. L. Burton. 2001. Pre-translational 
regulation of neutrophil L-selectin in glucocorticoid-challenged cattle. Vet Immunol 
Immunopathol 83(3-4):213-240. 
Yadav, S. P. 2007. The wholeness in suffix -omics, -omes, and the word om. J Biomol Tech 
18(5):277. 
20 
 
Zanton, G. I., G. R. Bowman, M. Vazquez-Anon, and L. M. Rode. 2014. Meta-analysis of 
lactation performance in dairy cows receiving supplemental dietary methionine sources or 
postruminal infusion of methionine. J Dairy Sci 97(11):7085-7101. 
Zhang, W. and H. T. Liu. 2002. MAPK signal pathways in the regulation of cell proliferation in 
mammalian cells. Cell Res 12(1):9-18. 
Zhou, Z., D. P. Bu, M. Vailati Riboni, M. J. Khan, D. E. Graugnard, J. Luo, F. C. Cardoso, and J. 
J. Loor. 2015. Prepartal dietary energy level affects peripartal bovine blood neutrophil metabolic, 
antioxidant, and inflammatory gene expression. J Dairy Sci 98(8):5492-5505. 
Zhou, Z., O. Bulgari, M. Vailati-Riboni, E. Trevisi, M. A. Ballou, F. C. Cardoso, D. N. Luchini, 
and J. J. Loor. 2016a. Rumen-protected methionine compared with rumen-protected choline 
improves immunometabolic status in dairy cows during the peripartal period. J Dairy Sci (Under 
review). 
Zhou, Z., M. Vailati-Riboni, E. Trevisi, J. K. Drackley, D. N. Luchini, and J. J. Loor. 2016b. 
Better postpartal performance in dairy cows supplemented with rumen-protected methionine than 
choline during the peripartal period. J Dairy Sci (Under review). 
 
  
21 
 
CHAPTER 2 
EXPRESSION OF FATTY-ACID SENSING G-PROTEIN COUPLED RECEPTORS IN 
PERIPARTAL HOLSTEIN COWS 
 
ABSTRACT 
GPCRs are widely studied within human medicine as drug targets for metabolic 
disorders.  To combat metabolic disorders prevalent in dairy cows during the transition period, 
which co-occur with negative energy balance and changes to lipid and glucose metabolism, it 
may be helpful to identify locations and roles of FFARs and other members of the GPCR family 
in bovine tissues.  Quantitative RT-PCR (qPCR) of subcutaneous adipose, liver, and PMNL 
samples during the transition period (-10, +7, and +20 or +30 d) were used for expression 
profiling of medium- (MCFA) and long-chain fatty acid (LCFA) receptors GPR120 and GPR40, 
MCFA receptor GPR84, and niacin receptor HCAR2/3.  Adipose samples were obtained from 
cows with either high (HI; BCS ≥ 3.75) or low (LO; BCS ≤ 3.25) body condition score (BCS) to 
examine whether GPCR expression is correlated with this indicator of health and body reserves.  
Supplementation of rumen-protected methionine (MET), which may improve immune function 
and production postpartum, was also compared with control (CON) cows for liver and PMNL 
samples.  Results were analyzed via a repeated measures ANOVA in SAS for differences in 
expression over time and between groups (P ≤ 0.05).  In adipose tissue, GPR84 and GPR120 
were differentially expressed over time, while GPR40 was not expressed; in PMNL, GPR40 was 
differentially expressed over time and between MET vs. CON, GPR84 expression differed only 
between dietary groups, and GPR120 was not expressed; in liver, GPCR were either not 
expressed or barely detectable.  The data suggest that there is likely not a direct role in liver for 
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the selected GPCR during the transition period, but they do play variable roles in adipose and 
PMN.  In future, these receptors may prove useful targets and/or markers for peripartal 
metabolism and immunity. 
  
23 
 
INTRODUCTION 
 The GPCR superfamily is one of the largest families of receptor proteins, comprising 1% 
or more of the human genome, and as much as 5% in simpler organisms like the nematode 
(Perez, 2003, Hanlon and Andrew, 2015).  GPCRs are also termed as seven transmembrane 
receptors, from their identifying structure of seven α-helices spanning the membrane.  They can 
receive a variety of ligand classes from the extracellular environment, and stimulate intracellular 
signaling cascades that may begin with action of associated G-proteins (Fredriksson et al., 2003).  
Although GPCRs in general are extensively-researched drug targets due to their abundance and 
activities, those which have metabolic roles may be targets for treating or preventing metabolic 
and inflammatory diseases in dairy cows, as well.  This could especially be of value in the 
transition period, where prevalence rates and outcomes of diseases are often at their worst 
(Drackley, 1999).   
GPCRs with FA, and especially longer-chain FA, ligands are among some of the most 
interesting targets, due to the ability of saturated versus unsaturated fats to evoke different 
signals within cells (Lee et al., 2003, Kwon et al., 2014), and for signaling potency to vary based 
on chain length and degree of saturation (Stein et al., 1997, Briscoe et al., 2003, Miyamoto et al., 
2016).  There is also potential to link nutrition, fatty acid metabolism, and immunity – a 
meaningful combination in transition health – among such signaling pathways (Alvarez-Curto 
and Milligan, 2016).  For these reasons, gene expression of three long- and/or medium-chain 
fatty acid-sensing GPCRs: GPR40 (or FFAR1), GPR120 (or FFAR4), and GPR84 and one 
nicotinic acid receptor: GPR109A (bovine HCAR2/3) was examined in three major metabolic 
tissues: adipose, liver, and PMNL in transition cows.  For a description of these genes and their 
functions, see Table 1.   
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 Furthermore, for adipose tissue, BCS was considered.  BCS represents nutrient (i.e.: 
adipose) storage status (Roche et al., 2009), which is vitally important to the peripartal dairy 
cow, as early lactation proceeds at the expense of stored energy (Bauman and Currie, 1980).  
What is considered as an optimal score can vary, and may instead be expressed as a range, but is 
currently thought to be around 3.25 near calving (Bewley and Schutz, 2008).  Generally, 
however, relatively higher prepartum or calving BCS is correlated with greater BCS (Roche et 
al., 2007) and/or body weight (Pires et al., 2013) loss postcalving.  So, although all cows 
experience a NEB after calving (Drackley, 1999), higher BCS cows are at higher risk for deeper 
NEB and excess lipid mobilization – adverse conditions for an optimal transition.  Lower BCS 
may be considered relatively more optimal for health, although very thin cows have been found 
to produce less milk (Rukkwamsuk et al., 1999).  Thus, comparison of FA-sensing receptor 
expression in both an optimal/thin and a suboptimal/fat group of cows (here, divided as LO = 
BCS ≤ 3.25, and HI = BCS ≥ 3.75, respectively) could be of value.   
The effect of supplementing rumen-protected methionine (MET) was also considered for 
liver and PMNL samples.   Previous work by our group demonstrates that MET can improve 
liver function, immune and antioxidant status, milk yield and protein levels, and may also have 
beneficial effects on DMI surrounding calving (Li et al., 2016, Zhou et al., 2016a, Zhou et al., 
2016b).  Since the GPCR studied here are closely linked to lipid and glucose metabolism and 
inflammation, it seems worthwhile to investigate whether gene expression in liver or PMNL is 
changed with supplementation, and how that relates to observed cow-level effects. 
 Since these receptors are not well-studied in ruminants yet (Bionaz et al., 2015), we 
hypothesized that tissue expression patterns would be similar to those in humans and rodent 
models.  Because BCS and MET can affect production, immune status, and metabolism, it was 
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also hypothesized that there would be some differential expression between groups, where the 
GPCR were expressed.   
 
MATERIALS AND METHODS 
Animals and Treatments 
 Cows in the present study were from the supplement feeding trial of Zhou et al. (2016b).  
Cows were blocked according to lactation and calving measures, and fed the same close-up (1.52 
Mcal/kg DM; -21 d until calving) and lactation (1.71 Mcal/kg DM; calving until +30 d) diets as a 
total mixed ration (TMR) once daily (0630 h).  Cows were housed in an enclosed, ventilated barn 
during the dry period and fed using an individual gate system (American Calan Inc., Northwood, 
NH), and moved to a tie-stall barn with individual feed bunks after calving.   Throughout these 
periods, diets were top-dressed with either no supplement (CON), or Smartamine M (Adisseo 
NA) rumen-protected methionine (MET).  Complete details of supplementation may be found in 
Zhou et al. (2016b).  Lactating cows were milked three times daily (0600, 1400, and 2200 h).  
 Ten and eleven cows from each group (CON and MET) were used in the present study to 
compare PMNL and liver gene expression, respectively.  Additionally, twenty cows that had 
received adipose biopsies were retroactively grouped by their BCS (see below) at -3 wk from 
calving (i.e.: upon entry into the close-up dry period), such that ten cows with BCS ≥ 3.75 (HI; 
avg. = 3.83 ± 0.12) were compared to ten cows with BCS ≤ 3.25 (LO; avg. = 3.11 ± 0.16) for 
adipose gene expression.  The effect of supplementation was not considered in this tissue.   
Sample Collection 
BCS were assigned weekly during the experiment, along with body weight 
measurements.  BCS was determined on a scale of 1-5 with quarter-point increments, where 1 = 
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thin and 5 = obese.  Two scores were given independently each week, so that the average was 
taken and used for statistical analyses and retroactive grouping.  Means of HI and LO cow BCS 
scores at -21, +7, and +21 d are reported in Table 2.9.  Individual and average BCS loss of cows 
in each group were also calculated between prepartum (-21 d) and postpartum (+7 and +21 d) 
timepoints (see Table 2.9).   
Prepartum and postpartum energy balance was calculated as in Osorio et al. (2013) for 
the subset of cows which received adipose biopsies. 
Blood was only collected from those cows receiving liver biopsies or scheduled for 
PMNL retrieval.  Serum and plasma were collected for analyses into vacutainers (BD 
Vacutainer; BD and Co., Franklin Lakes, NJ) containing clot activator or lithium heparin, 
respectively, at -10, +8, and +30 d relative to parturition.  Blood for serum samples were kept at 
21 ºC, and blood for plasma kept on ice, until centrifugation. 
Full protocols for relevant tissue biopsies have been previously described (Dann et al., 
2006, Ji et al., 2012).  Briefly, cows were given local anesthesia prior to biopsy.  The same cows 
were not used for liver biopsies as for adipose biopsies.  Liver biopsies were taken at -10, +7, 
and +30 d from parturition via puncture biopsy, while adipose biopsies were taken at -10, +7, 
and +20 d using a blunt dissection method.  Both liver and adipose samples were snap frozen in 
liquid nitrogen and transferred to a freezer at -80 ºC until RNA extraction and further analyses.   
PMN Isolation 
 Blood samples for collection of PMNL were drawn into vacutainers containing acid 
citrate dextrose (ACD Solution A; Fisher Scientific) from the coccygeal vein at -10, +7, and +30 
d relative to parturition.  Samples were placed on ice until PMNL isolation by sample 
centrifugation, cell lysing, and several rounds of centrifugation with PBS washing.  Complete 
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details of this process can be found in Zhou et al. (2015).  Isolated PMNL were homogenized at 
full speed in a solution of 2 mL TRIzol reagent (Invitrogen, Carlsbad, CA) with 1 µL linear 
acrylamide (Ambion, Inc., Austin, TX).  Homegenate was stored at -80ºC in RNA-free 
microcentrifuge tubes (Fisher Scientific, Pittsburgh, PA).   
RNA Isolation 
 To proceed with RNA extraction, 40 mg liver and 200 mg adipose were thawed and 
homogenized in TRIzol.  Total RNA from liver, adipose, and PMNL homogenates was separated 
using chloroform and acid phenol:chloroform (Ambion, Inc., Austin, TX).  Total RNA was 
precipitated with isopropanol and cleaned with 75% ethanol.  Resuspension in RNA storage 
buffer (Ambion, Inc., Austin, TX) allowed RNA to be stored at -80ºC.  Prior to storage, RNA 
purity was confirmed using a NanoDrop ND-1000 (NanoDrop Technologies, Rockland, DE) 
OD260mm/OD280mm ratio, and RNA quality was recorded using a 2100 Bioanalyzer (Agilent 
Technologies, Inc., Santa Clara, CA) RNA integrity number (RIN).  All liver samples had RIN 
scores above 8.0.  Average RIN scores for the other two tissues were as follows: 5.44 ± 0.81 for 
adipose and 6.68 ± 1.02 for PMNL.  Samples with RIN lower than 4.0 for adipose, or 4.5 for 
PMNL were substituted with a pooled sample of RNA from the remaining cows within the same 
group and time point.   
Real-time Quantitative PCR  
  Previous publications by this group (Moyes et al., 2014) outline full protocols.  Briefly, 
100 ng of RNA, plus reagents including: 1 μg of dT18 (Operon Biotechnologies, Huntsville, 
AL), 1 μL of 10 mmol/L dNTP mix (Invitrogen Corp., Carlsbad, CA), 1 μL of random primers 
(3 mg/μL; Invitrogen Corp.), and 10 μL of DNase-/RNase-free water, were incubated at 65°C for 
5 minutes, then placed on ice for 3 minutes.  Six μL of master mix, including: 5.5 μL of 5x 
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reaction buffer, 0.25 μL (50 U) of RevertAid reverse transcriptase (Fermentas Inc., Glen Burnie, 
MD), and 0.25 μL of RNase inhibitor (10 U, Promega, Madison, WI), was then added to 
complete cDNA synthesis.   
 Primer design protocols have also been published previously (Bionaz and Loor, 2008).  
Except for bovine GPR40 (Yonezawa et al., 2008), primer sequences were obtained in this 
method using Primer Express 3.0.  Primer information and obtained products are listed in Tables 
2 and 3, respectively.  Quantitative PCR was performed using 4 μL of diluted cDNA plus a 
mixture of 5 μL of 1x SYBR Green master mix (Applied Biosystems, CA), 0.4 μL each of the 10 
μM forward and reverse primers, and 0.2 μL of DNase-/RNase-free water in a MicroAmp 
Optical 384-Well Reaction Plate (Applied Biosystems, Foster City, CA).  Each sample was run 
in duplicate, while a negative control and serially diluted, pooled cDNA were run in triplicate to 
create a 6-point relative standard curve (User Bulletin #2, Applied Biosystems).  PCR reactions 
were performed in an ABI Prism 7900 HT SDS instrument (Applied Biosystems) under the 
following conditions: 2 min at 50°C, 10 min at 95°C, 40 cycles of 15 s at 95°C (denaturation), 
and 1 min at 60°C (annealing plus extension).  Gene expression was normalized using the 
geometrical mean of three appropriate internal control genes: GAPDH and RPS9 for all tissues, 
along with ACTB for adipose and UXT for liver and PMNL (Ji et al., 2012, Moyes et al., 2014, 
Jacometo et al., 2016).  Genes were considered not expressed when the standard curve had slope 
-3.50 > y > -3.00 and Ct > 30.  qPCR performance is recorded for adipose, liver, and PMNL in 
Table 4.   
Statistical Analysis 
 Prior to analysis, expression data were log2 normalized.  All data sets (i.e.: blood 
parameters, energy balance, and qPCR) were then subject to ANOVA using repeated measures 
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ANOVA with PROC MIXED in SAS (v 9.2; SAS Institute Inc., Cary, NC).  The statistical 
model for adipose included time (-10, +7, +20 d), BCS (HI, LO), and their interaction as fixed 
effects.  Energy balance was analyzed pre- and postpartum.  The model for liver and PMNL gene 
expression, and blood parameters, included time (-10, +7, +30 d), methionine supplementation 
(MET, CON), and their interaction as fixed effects.  The random effect was cow, nested within 
treatment.  The Kenward-Roger statement was used for computing the denominator degrees of 
freedom, with sp(pow) as the covariance structure.  Energy balance used cs as the covariance 
structure postpartum.  Previous 305 d lactation and parity were used as covariates for blood 
analysis, and parity was used as a covariate for energy balance.  When not significant, covariates 
were removed from the model.  Data were considered significant at P ≤ 0.05 using the PDIFF 
statement in SAS.  Expression data in Tables 5 and 6 are reported as the log2 back-transformed 
least squares means. 
    
RESULTS  
Adipose 
 GPR40 was not expressed in adipose tissue.  On the contrary, GPR84, GPR120, and 
HCAR2/3 were expressed.  GPR84 expression was significantly lower prepartum than 
postpartum.  There was also an interaction effect of BCS x time, such that expression was higher 
in LO than in HI cows at +7 d.  There was also a significant time effect on expression of 
GPR120, where expression was highest prepartum, and decreased at both of the following time 
points.  Expression of both GPR120 and HCAR2/3 tended to be greater in LO than in HI.  There 
was also a tendency due to the time effect on HCAR2/3, mainly for the difference between +7 
and +20 d.   
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Liver 
 Neither GPR40 nor GPR120 were expressed in liver.  For GPR84 and HCAR2/3, there 
were no significant differences or tendencies for effects of MET, time, or the interaction.   
PMNL 
 GPR120 was not expressed in PMNL.  Among the other three genes, there were 
significant differences between MET and CON for GPR40 and GPR84, such that GPR40 was 
lower in MET, and GPR84 was higher in MET.  GPR40 expression also differed across time, 
such that cows had significantly greater expression at -10 d than at +30 d, decreasing (albeit not 
significantly) in between.  HCAR2/3 tended to be higher in MET PMNL than in CON.   
 
DISCUSSION 
Adipose 
 Postpartum, transition cows can experience stress-induced, pathogen-independent 
inflammation, as marked by pro-inflammatory cytokines and acute phase proteins (APP) in the 
blood (Bertoni et al., 2008).  Furthermore, expression of chemoattractants and cytokines within 
adipose tissue indicates some degree of local inflammation, which has been postulated as a 
homeorhetic mechanism to aid lactation (Farney et al., 2013, Vailati-Riboni et al., 2016).  This 
theory is supported by the knowledge that cytokines present during inflammation encourage 
lipolysis (Grimble, 1990), the “metabolic hallmark” of transition (Bell, 1995).  Here, both the 
function and the temporal expression of GPR84 match physiological adaptations in the cow, 
suggesting that effects of inflammation in adipose are partly mediated through this receptor.   
 An interaction of BCS x time at +7 d, where LO cows had much greater expression of 
GPR84 than HI cows also provides evidence of the pro-inflammatory role for GPR84 in cattle.  
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Biomarkers like haptoglobin, bilirubin, and paraoxonase have been used to indicate peripartal 
inflammation through the first 2-3 weeks of lactation (Bionaz et al., 2007).  Here, although blood 
biomarker data was unavailable, the surge in GPR84 expression may also indicate greater 
inflammation in LO cows (Hara et al., 2014).   Barring clinical or subclinical disease, 
inflammatory signals resolve toward the end of the transition period (Bionaz et al., 2007), which 
parallels the return of GPR84 expression to prepartum levels.   
 If the above holds true, GPR84-mediated inflammation could also help explain 
production in these cows.  Inflammation in early lactation has been connected with poorer 
performance (i.e.: milk yield; Bertoni et al., 2008), and in fact, through the first month, milk 
yield from LO cows was numerically, though not statistically, lower than HI cows (39 kg/d vs. 
42 kg/d; data not shown).  Pires et al. (2013) obtained similar results in a study of BCS: 
numerically, low BCS cows had lower production than medium or high BCS cows.  Further 
work including more cows, as well as immune biomarkers concurrent with gene expression, will 
be necessary to elucidate the potential involvement of GPR84 and validity of such relationships. 
 Contrary to GPR84, GPR120 is primarily an anti-inflammatory receptor (Miyamoto et 
al., 2016).  Thus, lower expression over time potentially reinforces evidence of postpartal 
inflammation, although without lessening effect by 3 wk postpartum.  Its metabolic role may 
explain this pattern: GPR120 stimulates adipogenesis and differentiation, rather than lipolysis 
(Gotoh et al., 2007).  As necessity for lipolysis increases through early lactation NEB (Bauman 
and Currie, 1980), expression of GPR120 should decrease, as seen here.  Receptor activation in 
adipose also improves insulin sensitivity (Ichimura et al., 2012).  Since insulin resistance in 
peripheral tissues is important for pushing available glucose to the mammary gland post-calving 
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(Bell and Bauman, 1997), lower expression of GPR120 in adipose should be expected, and may 
be a necessary part of the transcriptome adaptation to milk synthesis.    
 To a lesser extent, limited expression could also be a regulatory mechanism.  As lipolysis 
occurs, releasing primarily LCFA (i.e.: GPR120 ligands) to the blood (Contreras and Sordillo, 
2011), signaling may provide negative feedback to prevent hyperactivation.  In some cases, 
GPR120 can activate β-arrestin2, which promotes receptor internalization and prevents 
continuous ligand-sensing (Oh et al., 2010); perhaps gene expression is used as an additional 
level of control, or acts as a primary regulatory mechanism when alternate pathways are 
activated.   
 Both of the above ideas may explain why HI cows tend to have lower GPR120 
expression.  As previously mentioned, milk yield of HI cows was ~3 kg/d greater, numerically.  
Greater milk production translates to greater glucose requirements (Bell, 1995), and gene 
expression should reflect a heightened need for peripheral insulin resistance.  To produce milk 
during NEB, HI cows may also mobilize more of their body fat reserves (i.e.: body condition; 
see Table 2.9), leading to higher FA mobilization and circulating FA (Roche et al., 2007, Akbar 
et al., 2015).  As GPR120 interacts with free LCFA, a negative response on gene expression may 
prevent further signaling at a time when that could be counterproductive.  Certainly, going 
forward, this receptor could be an interesting metabolic target in the transition period. 
 The finding that HCAR2/3 tends to be greater expressed in LO than in HI cows is not 
surprising.  Studies of HCAR2/3 show that it is a primary anti-lipolytic receptor in adipose tissue 
(Tunaru et al., 2003).  Presumably, LO cows have a lower amount of stored fat, and greater 
expression of this receptor could be a mechanism to maintain as much of their already-reduced 
body condition as possible.  Smaller BCS losses between the beginning of the close-up period (-
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21 d) and both postpartum time points (+7 and +21 d) in LO cows compared with HI cows may 
provide evidence in support of this hypothesis (see Table 2.9).   To address the species-specific 
effects of HCAR2/3 on lipolysis, that is, whether in ruminants it has temporary and/or rebound 
effects as in humans, or longer-term FA-lowering effects as in rodents (Kamanna and Kashyap, 
2007), plasma FA from multiple time points should be considered.  Although no blood data was 
available for the subset of cows with adipose biopsies, amount of circulating FA can be 
correlated with EB (Bell, 1995).  Thus, with better postpartum EB (i.e.: more shallow NEB) than 
HI cows (see Table 7), it can be assumed that LO cows have lower FA, meaning that HCAR2/3 
may be effective over some period of time in cattle.  Blood analyses will be useful to confirm 
this point. 
 For this reason, a tendency for greater HCAR2/3 expression +7 d after calving, regardless 
of BCS, was unexpected.  The nadir in energy balance, when low DMI coincides with high 
lactation requirements, typically occurs within three weeks following calving.  As previously 
mentioned, this tends to correspond with lipomobilization; in fact, peak levels of basal and 
norepinephrine-stimulated lipolysis occur around +10 d (Bauman and Currie, 1980).  Thus, it 
appears that high rates of lipolysis can occur in spite of the anti-lipolytic influence of HCAR2/3.   
 This could be due to a greater net signal for fat mobilization over storage brought on by 
calving and initiation of lactation.  Since HCAR2/3 signaling involves a decrease in cAMP levels 
that inhibits hormone-sensitive lipase and prevents release of FA (Tunaru et al., 2003), it is 
possible that parturition- and lactation-induced flux in hormone levels themselves (e.g., increased 
catecholamines and decreased insulin) are more influential on hormone-sensitive lipase than 
GPCR signaling (Holm, 2003).  More information could become available with trials on 
HCAR2/3 in periparturient animals. 
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Liver 
 It is not altogether surprising that the genes of interest were not expressed, or were 
expressed at low levels, in the liver.  Although these GCPRs can be widely expressed throughout 
the body (Miyamoto et al., 2016), few studies name the liver as a major site of expression for 
these particular genes.  In fact, GPR40 (Steneberg et al., 2005, Edfalk et al., 2008) and HCAR2/3 
(Tunaru et al., 2003, Wise et al., 2003) have been reported as not detected in liver, and GPR120 
has been reported as not detected, except in Kupffer cells (i.e.: macrophages), in the liver 
(Hirasawa et al., 2005, Raptis et al., 2014).  In the present study, the fact that GPR40 and 
GPR120 were not detected agrees with the literature.   
 The barely detectable expression of HCAR2/3 and GPR84, and the lack of differences 
between groups or across time, indicates that these genes may typically be expressed at very low 
levels, if at all, in bovine liver.  Greater numbers of cows, and/or protein detection methods, 
should be used in future studies to confirm the presence or absence of these receptors within the 
liver.  Additionally, it is not known why just a few samples expressed HCAR2/3 at levels just 
greater than the cutoff standard.  One possibility is that bovine hepatocytes do not normally 
express this GPCR, but Kupffer cells might.  Higher numbers of these cells in some cows would 
then contribute to overall gene expression in the liver.  The fact that two out of the four samples 
which contained detectable HCAR2/3 transcripts came from the same cow may support this 
hypothesis.  However, cell typing of samples, and/or additional qPCR on isolated bovine Kupffer 
cells would be needed to verify.     
 Nonetheless, the genes of interest do play an important role in function and diseases in 
the liver.  It is therefore plausible that effects of these GPCR on the liver are mostly indirect, as a 
result of signaling that originates in other peripheral tissues or immune cells.  Notably, the acute, 
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insulin-promoting effects of GPR120 (Ichimura et al., 2012), and HCAR2/3 signaling to reduce 
hormone-sensitive lipase (Tunaru et al., 2003) in adipose tissue, could protect against excess 
lipid mobilization preceding fatty liver.  Conversely, activation of GPR40 in pancreatic β-cells 
could signal hyperinsulinemia and increased risk of lipid accumulation in the liver (Steneberg et 
al., 2005).  Therefore, for the present genes of interest, systemic metabolic networks – rather than 
localized pathways – may provide better insight as to hepatic responses in bovines.  
Alternatively, other families of receptors, e.g., PPARs, could contribute more to direct outcomes 
of relevant ligands (i.e.: LCFA) in the liver (Nakamura et al., 2014).     
PMNL 
 Neutrophils are the only tissue in which GPR40 was detected.  Since GPR40 has already 
been implicated in calcium-dependent degranulation and superoxide production in bovine 
neutrophils (Manosalva et al., 2015), its presence was certainly expected.  Its downregulation 
over time indicates that PMNL had reduced functions.  Indeed, it is well-known that hormones 
and NEB contribute to immunosuppression post-calving (Kehrli et al., 1989, Goff and Horst, 
1997, Hoeben et al., 2000).  In this context, it is strange that MET cows had lower expression 
than CON.  Originally, Zhou et al. (2016a) reported that MET cows had improved PMNL 
phagocytosis and oxidative burst, and enhanced antioxidant and inflammatory status.  Higher 
levels of myeloperoxidase, and lower levels of total reactive oxygen metabolites and IL-1β in 
blood for this subset of MET cows reinforces those findings (see Table 8).  Still, while 
supplementation appears to benefit overall transition health, it does not necessarily have a direct 
impact on expression of this particular gene.  Instead, it seems that MET indirectly affects 
GPR40 expression through (anti-) inflammatory phenomena.  Expression may be influenced by 
availability of ligands, and since inflammation can promote lipolysis (Grimble, 1990), it may be 
36 
 
reasonable to speculate that the difference in gene expression mirrors inflammation status rather 
than the dietary treatment.   
 In contrast, GPR84 upregulation in MET agrees with previous data describing enhanced 
immune response (i.e.: phagocytosis and respiratory burst) in these cows (Zhou et al., 2016a).  
GPR84 expression can be stimulated by LPS, and subsequent signaling produces pro-
inflammatory signals, demonstrating that receptor function is tied to immune responses (Alvarez-
Curto and Milligan, 2016).  In agreement, in vivo data shows that supplementation with MCFA 
(i.e.: GPR84 ligands) in the transition period can lessen neutrophil apoptosis (Piepers and De 
Vliegher, 2013), thereby improving antimicrobial capacity of the cells (Van Oostveldt et al., 
2002).  Piepers and De Vliegher (2013) hypothesized that GPCR signaling could be at least 
partly responsible for the improvement in cell viability, and the present study provides evidence 
that GPR84 could specifically play a role.   
 Interestingly, HCAR2/3 also tended to be upregulated in MET PMNL vs. CON.  Like 
GPR84, HCAR2/3 expression can be induced by LPS (Feingold et al., 2014), yet with opposite 
outcome: HCAR2/3 activates apoptosis in neutrophils (Kostylina et al., 2008).  As noted above, 
apoptosis should correspond with lower PMNL function, but this did not occur.  On the other 
hand, because apoptosis promotes resolution of inflammation (Savill and Haslett, 1995), 
HCAR2/3 expression concurs with the largely anti-inflammatory environmental conditions.  
Possibly, with the influence of MET to lower inflammation (as demonstrated by Zhou et al., 
2016a), neutrophils maintain their function over a short lifespan (Tak et al., 2013).  To aid in 
rapid clearance of aged neutrophils and maintenance of a stable environment, MET cells would 
induce apoptosis versus necrosis (Savill and Haslett, 1995).  In this way, HCAR2/3 may help 
protect transition cows from chronic inflammation.  More in-depth studies would be needed, but 
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if true, this could provide a new context in which to study niacin as a transition feed supplement 
(Minor et al., 1998, Morey et al., 2011, Yuan et al., 2012).   
 
CONCLUSIONS 
 Conditions which are present in ruminants and cause metabolic disorders and clinical 
disease near calving: negative energy balance, lipid mobilization, insulin resistance, and 
immunosuppression, closely resemble dysregulated metabolic systems in human diseases.  Thus, 
molecular targets in human medicine may translate as targets for the transition cow.  The present 
GPCR show promise for such work.  Although none were expressed well in the liver, their 
contributions to inflammation, insulin resistance, and lipolysis in adipose suggest that they may 
indirectly affect liver accumulation of fat.  The GPCR-modulated environment may also 
contribute to level of milk production and severity of systemic inflammation in early lactation.  
Additionally, the differences between BCS groups highlight the role of the transcriptome in 
coordinating lipid metabolism and energy status, and differences between MET and CON 
reinforce previous findings and demonstrate potential networks for immune-enhancing action of 
supplemental methionine.  Thus, the present GPCR and related receptors (e.g., FFAR2 and 
FFAR3) are suggested as continued areas of research in bovine to improve transition health. 
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TABLES 
 
Table 2.1. Genes of interest and their functions. 
Gene Name Gene Function  References 
GPR40 M/LCFA receptor expressed in pancreatic α- and β-cells, enteroendocrine 
cells, immune cells, taste buds, and the central nervous system.  Stimulation 
invokes intracellular calcium response and ERK signaling, or increases in 
cAMP.  Mediates insulin release from β-cells, glucagon release from α-cells, 
and incretins in the gastrointestinal tract in response to free fatty acid (FFA) 
ligands, playing a central role in glucose homeostasis.  Promotes activation 
and superoxide production in bovine neutrophils.  May regulate secretion of 
brain-derived neurotrophic factor in neuroblastoma cells.  
Edfalk et al., 2008; Hara et 
al., 2014; Hidalgo et al., 
2011; Liou et al., 2011; 
Miyamoto et al., 2016 
     
GPR120  M/LCFA receptor expressed in adipocytes and adipose tissue, macrophages, 
enteroendocrine cells, pancreatic α-cells, taste buds, and lungs.  Stimulation 
invokes intracellular calcium response and ERK signaling.  Stimulation with 
ω-3 FA leads to β-arrestin2-mediated inhibition of TAK1 (i.e.: anti-
inflammatory signaling).  Promotes glucose uptake via GLUT4 and G-
protein-related insulin stimulatory effects in adipocytes.  Promotes incretin 
(e.g., GLP-1) release in gastrointestinal tract, and glucagon release in α-cells.  
Reduces inflammatory gene expression in macrophages and adipose, as well 
as macrophage invasion into adipose tissue. 
Hara et al., 2014; Hirasawa 
et al., 2005; Li et al., 2013; 
Oh et al., 2010; Suckow et 
al., 2014  
     
GPR84 MCFA receptor expressed in adipocytes and immune cells, including 
leukocytes.  Expression is upregulated in macrophages by LPS.  Promotes 
pro-inflammatory cytokine and chemokine signals. 
Hara et al., 2014; Suzuki et 
al., 2013; Wang et al., 2006 
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Table 2.1. (cont.) 
HCAR2/3 Nicotinic acid and butyrate/β-hydroxybutyrate receptor expressed in adipose 
tissue, immune cells, spleen, colon, pancreatic β-cells, and mammary 
epithelium.  Expression is upregulated in adipose and macrophages by LPS 
and other pro-inflammatory factors.  Activation by niacin or BHBA 
decreases cAMP levels in adipose tissue, thereby reducing lipolysis, plasma 
FFA, and availability for triglyceride synthesis.  Decreases in cAMP also 
occur in β-cells, inhibiting insulin release.  Promotes release of 
prostaglandins from immune cells, including macrophages.  Invokes 
apoptotic pathways in neutrophils and some cancer cells (e.g., breast and 
colon cancer).   
Chen et al., 2015; 
Elangovan et al., 2014; 
Feingold et al., 2014; 
Kamanna and Kashyap, 
2007; Li et al., 2011 
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Table 2.2. Forward and reverse primer information for genes of interest. 
Accession Number  Gene Name Forward Sequence Reverse Sequence 
XM_015475510.1 HCAR2/3 ACATCACCCTCAGCTTCACC GCGGTTGTTATCCGACTCAT 
NM_001309646.1 GPR40 TCTATGTGGCTGCCTTCGTG GAGCAGAAGCGAGAGGCTAA 
NM_001038568.1 GPR84 TTCCGCTGAAGAGAGATTTGAAG GGTAGCAGGGAGAAGTTGACGTCAGA 
NM_001328657.1 GPR120 TTGGTACCAGGACTGCTTATTGTG ATCGTCAGCCTCTTCCTGGAA 
 
Table 2.3. PCR product sequences obtained using primers listed in Table 2.2. 
Primer Name Obtained Sequence 
HCAR2/3 CTTTGGTGTACTACTTCTCCAGCCCATCTTTCCCCAACTTCTTCTCCACCTTGATCAACCGCTGC
CTGAAGAGGAAGGGGCCGGATGAGTCGGATAACAACCGCA 
GPR40 CATCGCGGCGCGTGTCCCACGCCCGGCTGCGCCTCACCCCCAGCTTGGTCTATGCCCTCCACC
TGGGCTGCTCTGATCATACCTGCTGGCGACTTCTCTGCCCCTGAAGGCAGTGGAGGCCCTGGC
TGGGGGCACCTGGCCCCTGCCGGCCCCTCTCTGTCCTGCCTTCGCCCTGGTCCACTTCGCTCCA
CTCTATGCGGGAGGGGGCTTCCTGGCCGCCCTGAGTGTTGGCCGCTACCTCGGAGCTGCCTTC
CCCTTGGGCTACCAAGCTGCCCGGAGGCCGCTCTACTCCTGGGGCGTGTGTGTGGCCGTATGG
GCCATCGTTCTCTGTCACCTGGGGCTGGTCTTTGGGCTGGAGGCCCCGGGGGGCTGGCTGGAC
AATTCCACCAGCTCCTTGGGCATCAGCACACCAATCAATGGCTCTCCGGTCTGCCTGGAGGCC
TGGGACCCAGCATCGGCAGGCCCGGCTCGCTTTAGCCTCTCGCTTCTGCTCA 
GPR84 GCATGCTCTCATCATGTGACGCTTCTGACGTCACTTCTCCTGGCATACTAGA 
GPR120 ATCAGTTACTCCAAAATTTTACAGATCACGAAGGCTTCCAGGC 
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Table 2.4. qPCR performance of GPR40, GPR120, GPR84, and HCAR2/3 in adipose, liver, and polymorphonuclear leukocytes 
(PMNL). 
 
Gene 
Median 
Ct1 
Median 
∆Ct2 Slope3 (R2)4 Efficiency5 
Relative mRNA 
Abundance6 1/E∆Ct7 
% mRNA 
Abundance8 
Adipose           
GPR40 29.86 8.82 -0.18 0.40 270358.48 0.000 0.000 0.00 
GPR84 30.57 9.61 -3.08 0.98 2.11 0.001 0.023 2.34 
GPR120 28.61 7.37 -3.45 0.99 1.95 0.007 0.228 22.83 
HCAR2/3 26.40 5.57 -3.44 0.99 1.95 0.024 0.748 74.84 
Liver          
GPR40 29.34 7.87 -0.41 0.72 268.72 0.000 0.000 0.00 
GPR84 32.77 11.28 -3.32 0.97 2.00 0.000 0.548 54.82 
GPR120 33.07 11.75 -1.57 0.97 4.32 0.000 0.000 0.00 
HCAR2/3 31.28 9.69 -2.78 0.98 2.29 0.000 0.452 45.17 
PMNL          
GPR40 22.91 2.84 -2.99 1.00 2.16 0.112 0.389 38.92 
GPR84 23.76 3.90 -3.05 1.00 2.13 0.053 0.183 18.32 
GPR120 31.72 12.05 -0.80 0.26 17.48 0.000 0.000 0.00 
HCAR2/3 23.08 3.08 -3.38 0.99 1.98 0.123 0.428 42.75 
 
1 The median is calculated considering all time points and all cows  
2 The median of ∆Ct is calculated as [Ct gene – geometrical mean of Ct internal controls] for each time point and each cow  
3 Slope of the standard curve  
4 R2 stands for the coefficient of determination of the standard curve  
5 Efficiency is calculated as [10(-1/Slope)]  
6 Relative mRNA abundance = 1/Efficiency Median ∆Ct  
7 1/E∆Ct = relative mRNA abundance/∑ relative mRNA abundance 
8 Percent mRNA abundance = 100(1/E∆Ct) 
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Table 2.5. Log2-backtransformed least squares means of gene expression data in transition cows with high (HI; BCS ≥ 3.75) or low 
(LO; BCS ≤ 3.25) body condition score at -10, +7, and +20 d from calving.   
 
                BCS x Time         
  BCS1  Time  HI  LO  p-value 
Gene HI LO   -10 +7 +20   -10 +7 +20   -10 +7 +20 SEM2 BCS Time 
BCS x 
Time 
Adipose                                     
GPR40 Not expressed 
GPR84 0.37 0.41   0.19a 0.69b 0.46b   0.21a 0.39a,b* 0.61b   0.17a 1.21b* 0.34a 0.40 0.62 <0.01 0.03 
GPR120 0.46 0.72   1.69a 0.49b 0.22c   1.36 0.37 0.19   2.09 0.67 0.26 0.64 0.08 <0.01 0.89 
GPR109A 1.05 1.30   1.12 1.40 1.02   1.13 1.16 0.89   1.10 1.68 1.17 0.22 0.06 0.08 0.33 
 
a, b, c  Statistical difference (P < 0.05) among time points within the same group 
*  Statistical difference (P < 0.05) between groups within time points 
1  Body condition score 
2  Largest standard error of the mean 
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Table 2.6. Log2-backtransformed least squares means of liver and polymorphonuclear leukocyte (PMNL) gene expression data in 
transition cows supplemented with rumen-protected methionine (MET) or unsupplemented (CON) at -10, +7, and +30 d from calving.   
 
                Diet x Time         
  Diet  Time  MET  CON  p-value 
Gene MET CON   -10 +7 +30   -10 +7 +30   -10 +7 +30 SEM1 Diet Time Diet x Time 
Liver                                     
GPR40 Not expressed 
GPR84 0.77 0.84  0.88 0.74 0.80  0.85 0.73 0.75  0.91 0.75 0.86 0.14 0.64 0.25 0.89 
GPR120 Not expressed 
GPR109A 0.51 0.53  0.64 0.48 0.46  0.57 0.52 0.44  0.72 0.44 0.47 0.15 0.77 0.22 0.61 
PMNL                                     
GPR40 0.85* 1.13*  1.15a 0.95a,b 0.85b  1.00 0.80 0.77  1.33 1.14 0.94 0.17 0.04 0.04 0.78 
GPR84 1.49* 0.65*  0.96 1.05 0.96  1.22 1.82 1.49  0.75 0.60 0.61 0.64 0.04 0.93 0.51 
GPR120 Not expressed 
GPR109A 1.34 0.87  1.26 0.91 1.10  1.42 1.31 1.28  1.11 0.63 0.94 0.44 0.09 0.60 0.71 
 
a, b  Statistical difference (P < 0.05) among time points within the same group 
*  Statistical difference (P < 0.05) between groups within time points 
1  Largest standard error of the mean 
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Table 2.7. Least squares means of energy balance (EB) and energy balance as a percentage of 
requirements (EB % Req) in transition cows with high (HI; BCS ≥ 3.75) or low (LO; BCS ≤ 
3.25) body condition score prepartum and postpartum.  This data only represents the subset of 
cows used for adipose gene expression. 
 
  BCS1   p-value 
  HI LO SEM2 BCS Time BCS x Time 
Prepartum        
EB 1.89 2.16 1.08 0.86 - - 
EB % Req 112.35 115.62 7.13 0.75 - - 
Postpartum        
EB -11.87a -5.52b 2.00 0.03 0.03 0.14 
EB % Req 70.85a 86.20b 4.74 0.03 <0.01 0.30 
 
a, b  Statistical difference (P < 0.05) among time points within the same group 
1  Body condition score 
2  Largest standard error of the mean 
 
Table 2.8. Least squares means of immune biomarker concentrations in blood in transition cows 
supplemented with rumen-protected methionine (MET) or unsupplemented (CON) at -10, +7, 
and +30 d.  This data only represents the subset of cows used for polymorphonuclear leukocyte 
(PMNL) gene expression. 
 
   Diet   p-value 
Parameter MET CON SEM1 Diet Time Diet x Time 
IL-1β2 3.63a 5.74b 0.69 0.05 0.17 0.70 
ROM 12.29a 14.20b 0.23 <0.01 <0.01 0.05 
MPO 466.87a 405.18b 15.89 0.02 0.14 0.44 
 
a, b  Statistical difference (P ≤ 0.05) among time points within the same group 
1  Largest standard error of the mean 
2  Significance (P < 0.05) for parity in the model 
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Table 2.9. Body condition scores (BCS) of HI (BCS ≥ 3.75) and LO (BCS ≤ 3.25) cows at -21, 
+7, and +21 d, and BCS loss between -21 and +7 or +21 d.     
Cow ID -21 +7 
BCS Loss1    
-21 to +7  +21 
BCS Loss2   
-21 to +21 
HI BCS      
8237 4.08 4.00 0.08 3.00 1.08 
8271 4.00 4.00 0.00 4.00 0.00 
8697 3.88 3.92 -0.04 2.88 1.00 
8621 3.88 3.42 0.46 3.38 0.50 
8681 3.75 3.08 0.67 3.00 0.75 
8669 3.75 3.50 0.25 3.13 0.62 
8824 3.75 3.33 0.42 2.75 1.00 
8714 3.75 3.00 0.75 3.00 0.75 
8771 3.75 - - 2.63 1.12 
8783 3.75 3.25 0.50 3.00 0.75 
Mean 3.83 ± 0.12 3.50 ± 0.39 0.34 ± 0.29 3.08 ± 0.38 0.76 ± 0.34 
LO BCS      
8772 2.75 2.25 0.50 2.25 0.50 
8770 3.00 3.13 -0.13 2.75 0.25 
8801 3.00 2.50 0.50 2.83 0.17 
8515 3.08 2.75 0.33 2.63 0.45 
8781 3.13 3.00 0.13 3.00 0.13 
8786 3.17 2.63 0.54 2.58 0.59 
8848 3.17 3.08 0.09 2.63 0.54 
8690 3.25 3.25 0.00 2.63 0.62 
8792 3.25 3.25 0.00 2.50 0.75 
8831 3.25 2.88 0.37 3.25 0.00 
Mean 3.11 ± 0.16 2.87 ± 0.34 0.23 ± 0.24 2.71 ± 0.28 0.40 ± 0.25 
1 BCS Loss was calculated as (BCS at -21 d) – (BCS at +7 d)  
2 BCS Loss was calculated as (BCS at -21 d) – (BCS at +21 d)  
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CHAPTER 3 
PREPARTAL ENERGY INTAKE ALTERS BLOOD NEUTROPHIL 
TRANSCRIPTOME IN HOLSTEIN COWS 
 
ABSTRACT 
In the dairy industry, cow health and farmer profits depend on the balance between diet 
(i.e. nutrient composition, daily intake) and metabolism.  This is especially true during the 
transition period, where dramatic physiological changes foster vulnerability to 
immunosuppression, negative energy balance, and clinical and subclinical disorders.  Using an 
Agilent microarray platform, the present study examined changes in the transcriptome of bovine 
PMNL, a representative cell of the immune system, due to time relative to parturition, prepartal 
dietary intake, or the combination.  Sixteen Holstein cows were fed a high-straw, control diet 
(CON; NEL = 1.34 Mcal/kg) or overfed a moderate-energy diet (OVE; NEL = 1.62 Mcal/kg) 
during the dry period.  Blood for PMNL isolation and metabolite analysis was collected at -14 
and +7 d relative to parturition.  At an ANOVA false discovery rate (FDR) <0.05, energy intake 
(OVE vs. CON) influenced 1806 genes.  Dynamic Impact Approach (DIA) bioinformatics 
analysis classified treatment effects on KEGG pathways, including: activated Oxidative 
Phosphorylation, Biosynthesis of Unsaturated Fatty Acids, and One Carbon Pool by Folate, and 
inhibited RNA Polymerase, Proteasome, and Toll-like Receptor Signaling Pathway.  These 
analyses suggest that processes critical for energy metabolism and immune function (e.g., 
transcription and translation, fatty acid metabolism, and vitamin and mineral metabolism) were 
impacted by energy overfeeding with mixed results.  However, overall interpretation of the 
transcriptome tended to agree with literature documenting a potentially detrimental, chronic 
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activation of PMNL in response to overfeeding.  The widespread, transcriptome-level changes 
captured here confirm the importance of dietary energy adjustments around calving on the 
immune system. 
  
 68 
 
 
INTRODUCTION 
The transition period is as a volatile period in dairy cow health, largely due to the shifts in 
energy demands and nutrient partitioning that occur after calving (Bell, 1995, Drackley, 1999).  
Traditionally, a depression in DMI is observed postpartum, although cow energy requirements 
increase dramatically to support milk production.  The result is a NEB that can precede a host of 
health complications (Grummer et al., 2004).  Appropriate nutritional management throughout 
the lactation cycle, especially preceding calving (i.e.: the dry period), is therefore essential to 
ensuring short- and long-term herd health and productivity.   
In the past, nutritional strategies to alleviate postpartum NEB included overfeeding by 
increasing prepartum dietary energy (Grummer et al., 2004, Beever, 2006).  Although prepartum 
energy intake of dairy cows does influence postpartum health, recent studies have revealed that it 
tends to have a negative rather than positive impact.  Overfeeding energy prepartum can deepen 
NEB, and increase fat mobilization and deposition in liver, ketone production, and incidence of 
metabolic disorders, whereas controlling energy intake relatively improves these outcomes 
(Dann et al., 2006, Janovick et al., 2011, Urdl et al., 2015).   Some studies also suggest that milk 
yield (Huang et al., 2014) and reproductive measures (Beever, 2006, Cardoso et al., 2013) 
following calving are enhanced when prepartum energy is restricted.  Prepartal dietary intake 
may even yield more substantial metabolic effects than dietary composition (Douglas et al., 
2006). 
 In addition, recent studies show that transition period adaptations can compromise the 
immune system, further exposing cows to postpartum disorders and increased susceptibility to 
disease (Sordillo and Raphael, 2013).  Diversion of maintenance energy in favor of lactation, as 
well as increasing cortisol and estrogen levels, may drive immunosuppression near calving, 
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leaving cows susceptible to pathogens (Goff and Horst, 1997, Burton et al., 2005).  Therefore, 
the importance of researching the immune system in peripartal cows cannot be understated.  As 
first responders of the innate immune system and coordinators of the adaptive immune response 
(Kumar and Sharma, 2010), PMNL are representative immune cells.  Understanding their 
behavior during the transition period may provide insight into cow health status.   
While some transcriptome-level work evaluating bovine PMNL has already been 
conducted (Burton et al., 2001, Madsen et al., 2004, Burton et al., 2005), these have largely 
focused on the effect of parturition or parturition-related conditions, e.g., glucocorticoid levels.  
As proposals for new transition cow management strategies arise, it is necessary to evaluate the 
PMNL transcriptome in context of nutrition and management trials, such that immunological 
health is maintained or improved with shifting practices.  The present data was therefore 
generated from PMNL in cows fed moderate- or control-energy diets to illustrate the impacts of 
current dry period diets (i.e.: greater energy intake) versus emerging recommendations (lower 
energy intake) on immunity during transition.  We hypothesized that adaptation of neutrophils in 
overfed cows would consist of significant transcription-level changes. 
 
MATERIALS AND METHODS 
Animals and Treatments 
 Cows used for the present study were from the overfeeding study of Khan et al., and 
details of animal care and treatment have been outlined in previous publications (Khan et al., 
2014, Zhou et al., 2015).  Briefly, twelve cows were assigned to one of two groups which 
differed on dietary energy levels fed throughout the 45-d dry period.  One group received at least 
100% calculated NEL (CON; 1.34 Mcal/kg DM) from a diet high in wheat straw while the other 
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received over 140% calculated NEL (OVE; 1.62 Mcal/kg DM) from a corn silage-based diet.  
Both diets were fed once daily (0600 h) using an individual gate feeding system (American 
Calan, Northwood, NH, USA).  All cows were housed in a ventilated, enclosed barn for the 
entire dry period.  After calving, cows were fed a common lactation diet (NEL = 1.69 Mcal/kg 
DM) as TMR once daily (0600 h) and housed in a tie-stall barn.  Milking occurred twice daily 
(0400 and 1600 h).   
PMNL Isolation 
 Coccygeal venous or arterial blood samples (~120 mL) were collected in vacutainer tubes 
containing acid citrate dextrose (ACD Solution A; Fisher Scientific) on days -14 and +7 relative 
to parturition (~0700 h).  Samples were placed on ice until PMNL isolation.  Complete details of 
blood processing can be found in Zhou et al. (2015); in brief, PMNL were isolated from whole 
blood by sample centrifugation, cell lysing, and several rounds of centrifugation with PBS 
washing.  Isolated PMNL were homogenized at full speed in a solution of 2 mL TRIzol reagent 
(Invitrogen, Carlsbad, CA) with 1 µL linear acrylamide (Ambion, Inc., Austin, TX).  
Homegenate was stored at -80ºC in RNA-free microcentrifuge tubes (Fisher Scientific, 
Pittsburgh, PA) for further analysis.   
RNA Isolation 
 Once samples were thawed and centrifuged, total RNA was separated with chloroform 
and acid phenol:chloroform (Ambion, Inc., Austin, TX).  Total RNA was precipitated with 
isopropanol and cleaned with 75% ethanol.  Resuspension in RNA storage buffer (Ambion, Inc., 
Austin, TX) allowed RNA to be stored at -80ºC.  Prior to storage, RNA purity was confirmed 
using a NanoDrop ND-1000 (NanoDrop Technologies, Rockland, DE) OD260mm/OD280mm ratio, 
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and RNA quality was recorded using a 2100 Bioanalyzer (Agilent Technologies, Inc., Santa 
Clara, CA) RNA integrity number (RIN).  Average RIN was 7.7 ± 0.2.   
Microarrays  
 cRNA Synthesis and Labeling.  The microarray platform for the present study used 
4x44k-Agilent Bovine (V2) Gene Expression Microarray chips (Agilent Technologies; cat# 
G2519F-023647).  Labeling and hybridization protocols were followed as directed by Agilent 
Technologies, and are also outlined in previous publications from this group (Shahzad et al., 
2015).  cDNA was created from 200 ng total quantity of RNA, then reverse-transcribed into Cy-
3 or Cy-5 fluorescent dye-labeled cRNA using a Low-Input Quick Amp Labeling Kit (two 
colors; Agilent Technologies; cat# 5190-2306).  Resulting cRNA was purified using RNeasy 
mini spin columns (Qiagen; cat# 74104), and eluted in nuclease-free water.  Yield of at least 825 
ng and specific activity ≥ 6.0 pmol/µg were confirmed using the NanoDrop ND-1000 
(NanoDrop Technologies).  Samples were stored at -80ºC until hybridization.   
 Fragmentation, Hybridization, and Slide Scanning.  After thawing cRNA, 825 ng of 
one Cy-3-labeled sample and 825 ng of one Cy-5-labeled sample were mixed together and with 
11 µL of 10X Blocking Agent (Agilent Technologies; cat# 5188-5281) and 2.2 µL of 25X 
Fragmentation Buffer (Agilent Technologies; cat# 5185-5974).  Nuclease-free water was added 
to bring the final volume of solution to 55 µL.  Solution was placed in a 60ºC water bath for 30 
min, then 55 µL of 2X GEx Hybridization Buffer (Agilent Technologies; cat# 5190-0403) was 
added to stop fragmentation reactions.  The total solution of 110 µL was loaded onto a 
Hybridization Gasket Slide (Agilent Technologies; cat# G2534-60011), and hybridized to a 
microarray slide for 17 h in a 65ºC hybridization oven.  Slides were washed as directed by 
Agilent Technologies, then scanned immediately in a GenePix 4000B scanner (Axon 
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Instruments, Inc., CA) using GenePix Pro v.6.1 software.  After scanning, microarray images 
were edited to flag low-quality spots as “bad.”  These spots were excluded from slide analysis.   
Statistical Analysis 
 Gene Analysis.  Microarray statistics were analyzed using SAS (SAS Inst., Inc., Cary, 
NC).  Data from the 12 microarrays were adjusted using Lowess Normalization and array 
centering to account for dye and array effects.  A MIXED model with repeated measures was 
fitted to the normalized log2-transformed adjusted ratios using PROC MIXED.  The model 
included fixed effects of time (-14 and +7 d), diet (CON and OVE), and interaction of time x 
diet.  Cow was a random effect.  Raw P-values were adjusted to account for multiple 
comparisons using Benjamini and Hochberg’s false discovery rate (FDR) (Benjamini and 
Hochberg, 1995).  Significant differences in gene expression were considered at FDR < 0.05.  
Only genes with degree of freedom ≥ 7 were considered.  Results below will focus on 
transcriptome differences due to the main effect of diet.    
 Pathway Analysis.  The Dynamic Impact Approach (DIA) was used to analyze Kyoto 
Encyclopedia of Genes and Genomes (KEGG) Pathways based on differentially expressed genes 
(DEG) between dietary groups (OVE vs. CON).  Complete DIA methodology has already been 
reported (Bionaz et al., 2012), but overall, the model illustrates impact (relevance) and flux 
(direction of impact) for KEGG pathways.  Full data including Entrez Gene ID, Oligo Gene ID, 
FDR (< 0.05), P-value (< 0.05), and fold-change (FC) were entered into the DIA.  Information 
for pathways was only provided when ≥ 30% of annotated genes were covered by the dataset.   
Results of the final pathway analysis are compiled in tables and figures.    
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RESULTS AND DISCUSSION 
 Due to the abundance of literature on transition period (i.e.: time effect) adaptations, 
discussion here will focus on the effect of treatment – that is, overfeeding versus feeding to meet 
requirements in the close-up dry period – on neutrophil gene expression.   
 Overall, 1806 DEG were entered into the DIA for pathway analysis.  There were 1000 
upregulated, and 806 downregulated, genes.  Of these, 49 upregulated genes had a FC > +3 (see 
Table 1), and 90 downregulated genes had a FC < -3 (see Table 2).   
KEGG Analysis  
 Data for pathways within Human Diseases categories are omitted from analysis results.  
Full summary of impact and flux for KEGG categories and subcategories can be reviewed in 
Figure 1.  The top 20 impacted pathways, ranked by impact in Figure 2, are discussed by 
category below.     
Metabolism 
 Energy Metabolism.  It is known that PMNL primarily depend on glycolysis to produce 
energy (Kominsky et al., 2010).  Therefore, it is surprising that the Oxidative Phosphorylation 
pathway should be upregulated in OVE cows.  However, as examined in guinea pig PMNL, an 
increase in oxygen uptake and respiration does occur in phagocytic cells compared with those in 
the resting state, regardless of glucose availability (Sbarra and Karnovsky, 1959, Oren et al., 
1963).  Increases in respiration during phagocytosis were also found in chicken PMNL (Penniall 
and Spitznagel, 1975).  This indicates that, across species, oxygen utilization helps promote 
neutrophil phagocytosis.  Additionally, in anaerobic environments, glucose consumption or 
glycogen breakdown (i.e.: retrieval of glucose for glycolysis in either substrate-rich or -poor 
environments) increased for phagocytic cells, compared to in an aerobic environment (Sbarra 
 74 
 
 
and Karnovsky, 1959).  In other words, alternate energy supply from oxidative phosphorylation 
may be available under aerobic conditions.  In anaerobic environments, however, glycolysis is 
primarily responsible for meeting the increased energy demand.  The above results taken 
together demonstrate a potential preference for oxidative phosphorylation during phagocytosis.  
This preference may correspond to the so-called oxidative burst that allows PMNL to eliminate 
phagocytosed particles via reactive oxygen species.   
 This is supported by the recent findings of Fossati et al. (2003) that complex V of the 
mitochondrial respiratory chain, or ATPase, is involved in functions related to cell death 
regulation and respiratory burst.  Inhibition of this unit by oligomycin inhibited respiratory burst 
and chemotaxis.  Therefore, upregulation of the Oxidative Phosphorylation pathway here might 
indicate higher phagocytic activity of PMNL, i.e., a more activated immune system.  This also 
agrees with earlier qPCR findings that OVE cows had higher expression of genes associated with 
adhesion, migration, and phagocytosis (Zhou et al., 2015).  
 Another possibility remains open; that is, that ATP produced in the mitochondria via 
oxidative phosphorylation is not formed for cellular consumption, but rather for signaling 
purposes.  Purinergic signaling (i.e.: through ligands such as ATP, adenosine, and other purine 
metabolites) via P2Y2 receptors has been implicated in neutrophil chemotaxis (Chen et al., 2006, 
Chen et al., 2010).  In fact, it has more recently been suggested that the extracellular ATP which 
fuels chemotaxis in human neutrophils is produced specifically by PMNL mitochondria.  
Chemical uncoupling of mitochondria prevented ATP release from stimulated neutrophils, 
although it did not change the intracellular ATP levels.  In the same study, inhibiting 
mitochondrial ATP also reduced reactive oxygen species (ROS) production, demonstrating that 
oxidative phosphorylation also participates in oxidative burst as speculated above (Bao et al., 
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2014).  If this mechanism holds true for bovines, it may help reconcile the high levels of 
oxidative phosphorylation found here in OVE cows, with previous (and current) evidence of 
glycolysis as the primary energy production pathway in PMNL.  Since Purine Metabolism was 
also found to be altered, purinergic signaling is further explored in the Nucleotide Metabolism 
section below.   
 Lipid Metabolism.  Biosynthesis of Unsaturated Fatty Acids was induced in OVE cows 
compared with CON.  This can be partly explained by significant upregulation of stearoyl-coA 
desaturase (SCD), the enzyme responsible for transforming stearic acid into oleic acid (Reyes-
Quiroz et al., 2014).  Made available to the circulation, oleic acid may stimulate degranulation 
(Hidalgo et al., 2011) and superoxide production in PMNL (Badwey et al., 1981).  This suggests 
that oleic acid signaling could provoke a greater level of PMNL activation in OVE cows.  Still, 
there is abundant evidence in other species that oleic acid can be both pro- and anti-inflammatory 
(Carrillo et al., 2012).  More research is needed on signaling action of oleic acid in bovine 
species.  Further research would also be beneficial in understanding the effects of SCD in 
PMNL.  Liver isoform of SCD (SCD1) plays a role in lipid oxidation and accumulation (Dobrzyn 
and Ntambi, 2005), and could be of interest to understand lipid metabolism in the peripartal cow.   
 The upregulation of this pathway could also help describe the increased gene expression 
of ALOX5AP and PLA2G4A post-calving in OVE cows (Zhou et al., 2015).  These enzymes are 
responsible for freeing arachidonic acid from membrane phospholipids and, further, deriving 
leukotriene B4 (LTB4) from the polyunsaturated fatty acid intermediate (Brock and Peters-
Golden, 2007).  LTB4 enhances inflammatory processes, including PMNL migration (Smith et 
al., 1980) and adhesion (Coxon et al., 1996), eosinophil recruitment (Tager et al., 2000), and 
generation of ROS (Woo et al., 2002).  Interestingly, however, LTB4 can also exert pro-survival 
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effects in PMNL through activation of NF-κB (Barcellos-de-Souza et al., 2012).  In this group of 
cows, NF-κB followed a similar gene expression pattern to ALOX5AP and PLA2G4A through the 
peripartal period (Zhou et al., 2015).  Therefore, it is possible that unsaturated fatty acids 
produce more eicosanoids and drive persistent PMNL activation and survival (i.e.: chronic 
inflammation) in OVE cows post-calving, even when no clinical disease is present.   
 Nucleotide Metabolism.  Both Purine Metabolism and Pyrimidine Metabolism were 
suppressed in OVE versus CON cows.  As mentioned above, changes to Purine Metabolism may 
be related to the processing of ATP as a chemotactic signal (Chen et al., 2006).  Because release 
of ATP is a signal of cellular distress or death, it can induce ROS production, signaling, and 
migration of immune cells (Kawamura et al., 2012).  Both ATP (Vaughan et al., 2007) and 
adenosine (Walker et al., 1997) have also been implicated in delaying neutrophil apoptosis.  
Here, suppression of purine metabolism could be an adaptation to conserve ATP and other 
purinergic signals, feeding the inflammatory state.  The affected genes in this pathway support 
this hypothesis.   
 Among the downregulated genes are ectonucleotide pyrophosphate (ENPP1) and 
nucleotide triphosphatase (NTPCR), both enzymes that hydrolyze purine metabolites (i.e.: AMP 
to adenosine and ATP to ADP, respectively) and regulate their signaling capacity (Bours et al., 
2006).  Upregulation of genes deoxycytidine kinase (DCK) and adenosine kinase (ADK) is 
consistent with this immune profile.  DCK is a salvage enzyme for deoxynucleosides which 
allows for DNA repair in non-proliferating immune cells.  This enzyme is normally less active in 
PMNL than in monocytes or lymphocytes (Terai et al., 1991), so its change in expression, 
increased more than 4-fold in OVE cows versus CON cows, indicates that PMNL may have had 
greater DNA repair and survival capacity.  In the future, this could be verified by measuring 
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protein expression and/or enzyme activity alongside gene expression.  ADK can also impact 
neutrophil function through purine metabolism; it is responsible for creating AMP by 
phosphorylating adenosine (Rosengren et al., 1995).  Therefore, higher expression of ADK may 
indicate reduced adenosine concentrations.  Because adenosine has historically been reported as 
an anti-inflammatory molecule (Barletta et al., 2012), lower adenosine concentrations would 
again point to aggravated inflammation.  Specifically, the interaction of ADK and adenosine has 
implications in PMNL adhesion and accumulation (Firestein et al., 1995, Rosengren et al., 1995).  
Although this may seem incongruous with its anti-apoptotic effect in PMNL, Walker et al. 
(1997) suggested that apoptosis can be regarded as a neutrophil function.   
 Pyrimidines may also participate in immune function and signaling, and Pyrimidine 
Metabolism followed a similar pattern to that of Purines.  The release of UTP from PMNL and 
other cell types can stimulate PMNL to a lesser extent than ATP, through the same P2Y2 
receptor.  When added in combination with chemoattractants to human neutrophils, UTP has 
been shown to augment intracellular calcium and ROS levels, as well as cell aggregation (Seifert 
et al., 1989, Tuluc et al., 2005).  Therefore, it could be expected that, as with ATP, genes that 
help maintain UTP levels would increase.  This is demonstrated in OVE cows by upregulation of 
uridine-cytidine kinase (UCK2).  If OVE PMNL are, in fact, hyperactivated, production of ROS 
would damage DNA.  Maintaining a pool of both purines and pyrimidines would aid DNA repair 
and cell survival.  This effect is illustrated by upregulated DCK, as in Purine Metabolism, and 
downregulated dCTP pyrophosphatase (DCTPP) and ectonucleoside triphosphate 
diphosphohydrolase (ENTPD8).  These changes signal accumulation of repair nucleotides and 
precursors by conserving phosphorylated forms of the bases (Requena et al., 2014).  Further 
evidence of potentially increased ROS and DNA damage appears with the downregulation of 
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thymidine kinase (TK2), a mitochondrial DNA salvage enzyme whose activity is known to be 
downregulated during oxidative stress (Sun et al., 2014).  Based on these results, more research 
on Purine and Pyrimidine Metabolism could be beneficial to clarify the relationship between 
PMNL activation and survival.   
 Glycan Biosynthesis and Metabolism.  Chondroitin sulfate (CS) is one of several 
glycosaminoglycan (GAG) chains which modifies proteins through glycosylation.  After 
alteration, proteoglycan products are either secreted by the cell or retained in the plasma 
membrane (Pantazaka and Papadimitriou, 2014).  Recent evidence shows CS in both the 
extracellular matrix (ECM) and the membrane may contribute to neutrophil activation.  
 Recently, the role of free chondroitin sulfate on neutrophils has been tested.  Incubation 
of PMNL with CS amplified ROS production in response to interleukin 8 (IL-8) (Schlorke et al., 
2012).  Thus, there is potential that OVE PMNL with increased CS Biosynthesis secrete the 
proteoglycan as a pro-inflammatory autocrine signal.  It is also involved in neutrophil activating 
pathways from the membrane.  The carbohydrate portion of CS forms binding sites on the 
receptor for platelet factor 4 (PF4), an α-chemokine that promotes exocytosis, even 
independently of IL-8 or calcium mobilization (Petersen et al., 1998).  In contrast, the sulfate 
portion of CS has been identified as a binding site for human leukocyte elastase (HLE) and 
cathepsin G (CG) (Campbell and Owen, 2007).  Both of these proteases activate cytokines and 
coordinate neutrophil responses once released from PMNL granules (Adkison et al., 2002).  This 
study makes it clear that there is a relationship between CS and the immune status of the cow, 
such that increased CS Biosynthesis corresponded to more activated neutrophils.  However, the 
specific mechanisms of action for CS-moderated responses in bovine neutrophils needs further 
investigation. 
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 Metabolism of Cofactors and Vitamins.  Thiamine Metabolism was the top impacted 
pathway of this data set.  Although thiamine has energy metabolism functions, for example, as a 
cofactor in carbohydrate catabolism, it also has antioxidant capacity.  The active metabolite of 
thiamine, thiamine pyrophosphate, is known to protect against oxidative stress in liver (Turan et 
al., 2013, Yilmaz et al., 2015), cardiac muscle (Polat et al., 2015), and ovaries (Demiryilmaz et 
al., 2013) in rats.  Thiamine also exerts antioxidant activity directly on neutrophils by inhibiting 
the peroxidase/H2O2/halide system.  This is not to say that it inhibits neutrophil functions, but 
rather, it increases neutrophil motility by promoting chemoattraction over antimicrobial signals 
(Theron et al., 1981).  Thiamine also prevents oxidation of components of PMNL membranes, 
e.g., sulphydryl groups, by inhibiting the peroxidase system (Anderson and Jones, 1982).  
Perhaps the reduction of cell activation and damage in favor of cell migration through thiamine 
could be a regulatory mechanism that contributes to PMNL longevity and more chronic 
inflammation in OVE cows.   
 One Carbon Pool by Folate was also upregulated in OVE cows.  The upregulated genes 
driving this change code for mitochondrial proteins, methylene tetrahydrofolate dehydrogenase 2 
(MTHFD2) and mitochondrial methionyl-tRNA formyltransferase (MTFMT), indicating that the 
diet impact on folate metabolism was localized to the mitochondria.  MTHFD2 is instrumental in 
converting methylene tetrahydrofolate (THF) to formate in the mitochondria.  Mitochondrial 
formate can be transported to the cytosol and used in purine synthesis, thus sparing cytosolic 
pools of THF for use in transferring one carbon groups, the other main function accomplished by 
cytosolic counterpart MTHFD1 (Christensen and Mackenzie, 2008, Fox and Stover, 2008).  As 
seen above, purine synthesis – and metabolism – is important in modulating the immune 
response of neutrophils.  However, the new implication here is that OVE neutrophils may 
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experience more one carbon transfer through the methionine cycle (Field et al., 2016).  This 
could have broad effects, although it has been speculated that methionine availability in PMNL 
enhances immune function (Li et al., 2016).   
 Meanwhile, MTFMT catalyzes the formylation of methionyl-tRNA, which corresponds to 
the start codon in mitochondrial protein synthesis (Vial et al., 2003).  Since formylated 
methionyl-tRNA is used to initiate synthesis of nearly all mitochondrial proteins, it is hard to 
correlate the increment in MTFMT with a particular outcome.  However, it may hint at a more 
active mitochondria, and therefore, a more active cell.  This argument could be strengthened by a 
deeper analysis of mitochondrial protein expression and activity.   
 The last cofactor pathway, Ubiquinone and Other Terpenoid-Quinone Biosynthesis, was 
downregulated.  After some disagreement as to whether ubiquinone is involved in PMNL ROS 
production (Crawford and Schneider, 1982, Cross et al., 1983), it has been demonstrated that 
ubiquinone, or coenzyme Q (CoQ), is associated with neutrophil granules (Lee, 1986) and can in 
fact have an inhibitory effect on superoxide production via membrane signaling (Kanno et al., 
1996).  At the same time, ubiquinone is required in the electron transport chain of mitochondria, 
which produces ATP and can produce ROS as byproducts (Sarewicz and Osyczka, 2015).  
Therefore, the inhibition of Ubiquinone Biosynthesis could have dual effects on superoxide 
formation.  This is further complicated by the fact that Oxidative Phosphorylation was increased 
in the same cows, leading to an expectation that, overall, elements of the respiratory chain would 
be upregulated, not downregulated.  Nevertheless, the affected genes of this pathway are 
primarily related to production of ubiquinone for oxidative phosphorylation.  These contrasting 
results suggest that more research is needed to evaluate ubiquinone synthesis and use during 
periods of elevated mitochondrial activity in PMNL.   
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Genetic Information Processing 
 Transcription and Translation.  The instinctive relationship between transcription and 
translation, formed by the central dogma: DNA to RNA to protein, allows for a better view of 
cellular function when the two processes are taken together.  Therefore, the results of relevant 
pathways will be interpreted together in the following section.   
 Firstly, the RNA Polymerase pathway was downregulated in OVE cows.  Although RNA 
polymerases are responsible for the transcription of DNA to RNA (Burton, 2014), this result 
does not necessarily mean that there was less overall transcription.  In eukaryotes, there are three 
distinct RNA polymerases – each with a particular function regarding the different types of 
RNA, and each which was impacted in this study.  Simplistically, polymerase I transcribes 
rRNA, polymerase II transcribes mRNA, and polymerase III transcribes tRNA (Viktorovskaya 
and Schneider, 2015).  Furthermore, these transcription complexes are composed of 
heterogeneous subunits, which can individually affect the transcription complex; decreases in the 
availability of any one subunit can prevent complex assembly (Rudra and Warner, 2004).  Some 
subunits are conserved between polymerases and/or across species, while others contribute to 
their differential functions (Lalo et al., 1993).  Since the downregulation of the RNA Polymerase 
pathway here was driven by changes to the expression of subunit-encoding genes, the specific 
roles of those genes, and consequences for downstream pathways, will be expanded when 
possible.  Highly impacted pathways upstream of RNA Polymerase will also be considered when 
relevant.   
 So far, it seems that the genes expressed in OVE cows support greater ROS production 
and immune activation.  Under such conditions, these cells may experience a degree of oxidative 
stress (Bernabucci et al., 2005), and previous inquiries into PMNL gene expression showed 
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transcription-level differences to this effect (Zhou et al., 2015).  Polymerase I activity (i.e.: 
synthesis of rRNA) is known to be downregulated under oxidative stress (Mayer and Grummt, 
2005).  The only polymerase I gene altered in this pathway was POLR1D, which encodes the 
smaller of two α-subunits in polymerase I cores (Yao et al., 1996).  This subunit is essential to 
polymerase assembly and function (Larkin and Guilfoyle, 1996).  In fact, mutation of this gene 
in humans causes a disturbance to rRNA transcription and ribosomal biogenesis, characterized 
by craniofacial defects (Dauwerse et al., 2011).  Therefore, downregulation of the gene in OVE 
cows could certainly inhibit function of polymerase I.  This is evidenced by a corresponding 
downregulation of the Ribosome Biogenesis in Eukaryotes pathway.   
 Ribosome biogenesis is particularly important for growing and dividing cells to perform 
efficient protein synthesis (Rudra and Warner, 2004).  Since neutrophils are terminally 
differentiated with normally short lifespans (Tak et al., 2013), this process may simply be less 
biologically important than in other cell types.  However, this does not account for differential 
expression of relevant genes between OVE and CON cows.  Another conflict in this idea is that 
Ribosome Biogenesis was downregulated, but the Ribosome pathway itself was upregulated, in 
OVE cows.  This discordance could reflect a distinction between the activity of cytoplasmic and 
mitochondrial ribosomes, which are believed to have evolved different functions (Zhang et al., 
2015).  Recall that genes from the Folate pathway pointed to an increase in formylated 
methionyl-tRNA, which initiates most mitochondrial protein synthesis (Vial et al., 2003).  
Potentially, mitochondrial proteins or functions (e.g., Oxidative Phosphorylation) take on more 
importance in the adaptation to overfeeding, while more basic cellular proteins or functions are 
suppressed.   
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 An analysis of each affected mitochondrial and cytoplasmic gene in the Ribosome 
pathway is beyond the scope of this manuscript.  However, one result that stands out is a 15-fold 
upregulation in mitochondrial ribosomal protein L24 (MRPL24).  There is currently little 
research dedicated to the gene or protein it encodes, however due to the dramatic change in 
expression brought on by overfeeding, significance of this gene to PMNL and/or bovine cells 
should be further investigated.  In addition, another noteworthy mitochondrial ribosomal protein, 
MRPL18, was upregulated.  It has recently been uncovered that MRPL18 induces heat shock 
protein translation under stressful conditions (Zhang et al., 2015).  Since this could potentially 
support the hypothesis that OVE PMNL have increased cell survival, it is worth a more in-depth 
look.  More can be said on the changes to this pathway as focused studies provide new functional 
detail for this group of proteins.   
 Again assuming that OVE PMNL produce more ROS and are exposed to greater 
oxidative stress, cellular protein synthesis could be downregulated to an extent (Spriggs et al., 
2010).  In this case, subunits of polymerase II – responsible for mRNA transcription – would 
likely experience some level of transcriptional control themselves.  If less mRNA is being 
translated into proteins, it would be a cellular waste to continue producing transcription 
machinery.  Upstream mechanisms of this regulation could be multifactorial, but one possibility 
is that polymerase I repression (represented here by downregulation of POLR1D) contributed to 
feedback signals on polymerase II activity, as Laferte et al. (2006) discovered.   
 In this study, two polymerase II genes, POLR2G and POLR2L, were downregulated.  The 
subunit from POLR2G actually participates in the complex which induces a conformational 
change in polymerase structure, signifying its importance to transcription initiation (Kimura and 
Ishihama, 2000).  Similarly, the protein encoded by POLR2L has been identified as a key protein 
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to yeast cell viability for its role in transcription (Woychik and Young, 1990).  If downregulation 
of this gene can also negatively impact the viability of bovine PMNL, it may be of interest to 
consider how and to what extent it can impact PMNL lifespan, which otherwise seemed to be 
elongated in OVE cows.   
 As a logical response to lower polymerase II gene expression, OVE cows also 
experienced suppression of the RNA Transport pathway.  RNA transport allows mRNA 
transcribed in the nucleus to be processed and translated later in the cytoplasm (Kireeva et al., 
2013).  With lower mRNA transcription, subsequent processing steps obviously become less 
important.  Multiple genes downregulated in RNA Transport are also eukaryotic translation 
initiation factors, without which proper assembly of the translation initiation complex is not 
possible (Aitken and Lorsch, 2012).   Along with lower Ribosome Biogenesis, the flux of this 
pathway introduces the idea that both transcription and translation are inhibited in OVE cows.   
 Polymerase III was also critically impacted by changes to two subunits used in initiation 
of tRNA transcription: POLR3C and POLR3G.  They comprise two parts of a trimer that confers 
stability to the preinitiation complex and is essential to recruitment of the polymerase to 
segments of DNA (Kenneth et al., 2008, Renaud et al., 2014).  Unlike other changes in RNA 
Polymerase gene expression, these subunits were upregulated.  Not surprisingly, there was a 
corresponding increase in Aminoacyl-tRNA Biosynthesis.  Surprisingly, although these findings 
are consistent with each other, they are inconsistent with other transcription and translation data. 
 Cherkasov et al. (2015) have recently published findings regarding yeast cell cytoplasmic 
stress granules.  Interestingly, some of the findings from stress granules display similarities to the 
neutrophils in OVE cows, including increases in aminoacyl-tRNA synthetases, as well as 
proteins involved in ribosome biogenesis and translation.  However, keep in mind that 
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sequestering these proteins in heat-stressed yeast makes them less available for cellular function.  
Therefore, OVE PMNL resemble those stressed eukaryotic cells in that ribosome biogenesis and 
translation initiation were inhibited (as mentioned above), yet differ regarding tRNA.  Where 
yeast accumulated more tRNA synthetases in stress granules, and therefore could create fewer 
tRNA for protein synthesis, OVE PMNL had increased tRNA synthetase expression, which 
should increase protein synthesis.  Another level of complexity is added when you consider that 
other transcription and translation-related molecules, e.g., polymerase II subunits and initiation 
factors, were downregulated.  It is not clear why regulation of polymerase III and tRNA 
Biosynthesis were not coordinated with other genetic information processing pathways.  Whether 
this could be attributable to differences in mitochondrial and cytoplasmic translation 
requirements, as postulated for the Ribosome pathway, requires clarification. 
 By the same token, upregulation of the Spliceosome pathway in OVE cows indicates 
greater pre-mRNA processing that should facilitate translation.  Many small nuclear 
ribonucleoproteins (snRNPs), Sm proteins, LSm proteins, and one heat shock protein, HSPA1A, 
were among the genes upregulated.  These components are recruited to form the spliceosome on 
pre-mRNA molecules, assist in removing introns and ligating exons, then disassemble for 
recycling (Staley and Woolford, 2009).  The spliceosome is important for cell viability, an idea 
which has been demonstrated by studies in human cancer research (Quidville et al., 2013, Hsu et 
al., 2015), and fits with the idea that OVE PMNL have enhanced survival.  Nonetheless, it is a 
surprising result given that mRNA transcription, transport, and even translation seemed 
suppressed.  It is striking that these changes mirror those surrounding Ribosome; the reason(s) 
why major ribonuclear units like the ribosome and spliceosome are induced in OVE cows, yet 
closely related pathways do not support their functions, is not known.   
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 Folding, Sorting, and Degradation.  Alternatively, one pathway that did concur with 
Spliceosome was RNA Degradation.  While increased RNA Degradation may normally cause 
concern for the validity of microarray results derived from RNA, it should be noted that more 
than one gene upregulated in this pathway is an LSm gene, which have already been identified as 
spliceosome components (Staley and Woolford, 2009).  Other upregulated genes like 
exoribonuclease DIS3 act mainly in the nucleus, and so may also play a role in processing pre-
mature mRNA (Tomecki and Dziembowski, 2010).  Then, it is reasonable to suggest that RNA 
Degradation may simply account for the cleavage and breakdown of introns or unstable nuclear 
mRNA, rather than untranslated exons.  Still, the high impact to this pathway serves as a gentle 
reminder that the transcriptome should not be strictly interpreted as actual biological activity 
without supporting proteomic work, since many changes occur between the expression of genes 
and proteins (Gygi et al., 1999).   
 Post-translationally, the cellular profile can be partly controlled by the ubiquitin-
proteasome system.  Highly specific ubiquitination marks proteins for degradation by the 
proteasome to invoke quality control and normal turnover (Glickman and Ciechanover, 2002).  
Since the proteasome can be localized to many cellular locations, and is responsible for 
degrading proteins involved in all aspects of cell growth, signaling, and death (Wojcik and Di 
Napoli, 2004), changes in its activity do not speak to one end result.  Even so, the Proteasome 
pathway (as well as the lower-impacted Ubiquitin Mediated Proteolysis pathway) was 
downregulated in OVE cows, which at least suggests that these cells required greater protein 
conservation.  This would be especially important if OVE PMNL were experiencing decreased 
protein synthesis.  The process of ubiquitination and proteolysis via this system are also ATP-
requiring (Glickman and Ciechanover, 2002, Groll and Clausen, 2003), so reduced expression of 
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proteasome subunits may occur partially to conserve ATP, an effort that we have also seen in 
Nucleotide Metabolism pathways in OVE PMNL.   
 The impact on Proteasome may also relate with previous observations and hypotheses of 
increased mitochondrial activity and protein synthesis in these neutrophils.  It was previously 
thought that individual proteases were more relevant in the mitochondria than the proteasome 
(Kaser and Langer, 2000).  Instead, recent experiments by Lehmann et al. (2016) reveal a high 
level of ubiquitination on mitochondria-specific proteins, and presence of multiple proteasomal 
components within the mitochondria.  If the proteasome does govern more protein turnover in 
the mitochondria, its downregulation may corroborate the activating effect of OVE on PMNL 
that leads to prioritization of mitochondrial function.   
Organismal Systems 
 Immune System and Development.  Although it is counterintuitive that Osteoclast 
Differentiation should be highly impacted in terminally-differentiated PMNL, this can be 
explained by examining the group of genes implicated.  The KEGG pathways are species-, but 
not tissue-specific.  Many of the Osteoclast Differentiation genes are involved in cell cycle or 
growth and differentiation signaling, but are also shared by the Toll-like Receptor (TLR) 
Signaling Pathway, where their functions are primarily tied to immunity.  Due to the high 
proportion of similar genes, both pathways had the same overall direction of impact.  For this 
reason, these two pathways and their KEGG categories have been combined, and will mostly be 
discussed within context of TLR Signaling.   
 This manuscript has so far emphasized the activation of OVE PMNL, which makes it 
surprising that the TLR Signaling Pathway, typically associated with immune activation, was 
downregulated.  Toll-like receptors are transmembrane proteins that recognize pathogen-
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associated molecular patterns (PAMPs) and initiate cascades of pro-inflammatory, cytokine 
signals (Kawai and Akira, 2010).  In OVE cows, two specific TLR genes were downregulated – 
TLR4, which recognizes lipopolysaccharide (LPS) of gram-negative bacteria (Paramo et al., 
2013) and TLR5, which recognizes bacterial flagellin (Shibata et al., 2012).  Given the evidence 
above that OVE PMNL are more activated, the downregulation of TLR4/5 implies that this 
response is pathogen-independent, and therefore inappropriate.  Lower expression of TLRs and 
related signaling molecules may also cause these PMNL to later be less responsive toward real 
pathogens, such as the gram-negative bacteria that can cause acute, environmental mastitis, 
among other diseases (Hogan and Larry Smith, 2003).  Other pro-inflammatory signaling 
molecules, downstream of TLRs or related networks, were downregulated in both the TLR 
Signaling and Osteoclast Differentiation pathways.  Phosphatidylinositol-4,5-bisphosphate 3-
kinase (PI3KCG), signal transducer and activator of transcription (STAT1), and mitogen-
activated protein kinase kinase kinase 7 (MAP3K7, or TAK1) were all dually reported.   
 PI3KCG encodes a subunit of PI3K that is critical for PIP3 signaling, chemokinesis, 
neutrophil accumulation, and ROS production (Deladeriere et al., 2015).  It is interesting that this 
key gene is downregulated, impairing inflammation, although the neutrophils generally seem 
activated.  Other pathways that have similar activation but run parallel to PI3K, like Jak/STAT 
and MAPK (Futosi et al., 2013), should be examined as alternate means to achieve neutrophil 
activation. In fact, the PI3K/Akt and Jak/STAT pathways have similar primary functions: 
inflammation and neutrophil survival (Vier et al., 2016), and both alternate pathways are well-
represented within the DEG.   
 Overall, the Jak/STAT cascade seems activated.  The Osteoclast Differentiation pathway 
shows a downregulation of suppressor of cytokine signaling 3 (SOCS3) – a Jak inhibitor (Shuai 
 89 
 
 
and Liu, 2003) – with concurrent upregulation of JAK1.  Additionally, interferon regulatory 
factor 9 (IRFN9) was upregulated.  After activation by Jak1 (Darnell et al., 1994), STAT1 and 
STAT2 complex with IRFN9 to promote pro-inflammatory transcription due to interferon 
signaling (Au-Yeung et al., 2013).  Transcription of a different set of immune-related genes can 
even occur by combination of STAT2 and IRFN9, but in the absence of STAT1 (Fink and 
Grandvaux, 2013), which could potentially explain downregulation of STAT1 in an activated 
PMNL profile. 
 MAP3K7 is central to another complex cascade, mediating the effects of cytokine (e.g., 
IL-1β) and toll-like signals on pro-inflammatory gene transcription by MAPK, JNK, and NF-κB 
(Ajibade et al., 2013).  This particular gene may have a negative regulator function in mouse 
neutrophils, although this contrasts with data from other immune cells and human neutrophils 
(Ajibade et al., 2012, Ajibade et al., 2013), and needs to be confirmed in bovines.  However, in 
an inhibitory role, downregulation of MAP3K7 would tend to fit with patterns of pro-
inflammatory activation in OVE cows, including upregulated gene expression of myeloid 
differentiation primary response 88 (MYD88) upstream (in TLR Signaling Pathway), and 
partners RELA (in both pathways) and NF-κB (Zhou et al., 2015) downstream (Stevens et al., 
2011).   
 While increased MYD88 suggests activation of the MyD88-dependent pathway, 
downregulation of preceding cytokines (e.g., IL1B and IL12B) and receptors (e.g., TLR4, TLR5, 
interferon receptor IFNAR2, and TGF-β receptor TGFBR2) may indicate alternative methods of 
stimulation for this pathway.  Saturated fatty acids, for example, are known to stimulate pro-
inflammatory signaling through TLRs (Wong et al., 2009, Rocha et al., 2016), and this 
mechanism is exacerbated by ROS production (Huang et al., 2012).  In OVE cows with higher 
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serum non-esterified fatty acids (NEFA) and ROS (Khan et al., 2014), saturated fatty acids could 
very well be a part of pathogen-independent activation.   
 At some point, negative feedback may act to limit inflammation and prevent stress-
induced PMNL apoptosis in OVE cows (Matsuzawa and Ichijo, 2008).  Upregulation of NF-κB 
inhibitor (NFKBIA; in both pathways) could be one example of how and where this feedback 
influences NF-κB-induced inflammation.  With downregulation of most protein-management 
systems like Proteasome, this feedback likely results in more important transcription-level 
changes, emphasizing the relevance of the transcriptome seen here.  That being said, it should be 
noted that earlier qPCR (Zhou et al., 2015) and current microarray data show opposite results for 
IL1B, such that qPCR showed greater expression of this gene in OVE cows.  The reason for this 
discrepancy is not known.   
 Digestion.  Mineral Absorption was downregulated in OVE cows.  Due to its importance 
in neutrophilic responses, this section will focus on calcium (Ca2+) related effects.  Free Ca2+ 
signaling is central to PMNL functions like chemotaxis, degranulation, and ROS production 
(Wang et al., 2014).  It is also closely related to mitochondrial ATP production and purinergic 
signaling (Bao et al., 2014), pathways already recognized for their importance to OVE cows.   
 Ca2+ release from intracellular stores is stimulated by chemokine and G-protein coupled 
receptor (GPCR) signaling (Heiner et al., 2003).  When Ca2+ is released, a new influx is required 
to replenish stores (Putney, 1986).  In neutrophils, this influx occurs through the transient 
receptor potential (TRP) family of transporters (Itagaki et al., 2002), where TRPM7 is the 
primary transporter in mammals (Wang et al., 2014).  Downregulation of TRPM7 and TRPV6 
indicates a lower capability to take up Ca2+, and therefore, lower potential for Ca2+-mediated 
immune responses.  This contrasts with previous results, especially those of metabolic pathways, 
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which strongly support the idea that OVE cows have more active PMNL.  A couple of 
possibilities exist to resolve this disagreement.  First, that the microarray provides a snapshot of 
the entire transcriptome at just two time points.  As with any other signaling pathway, changes 
captured could represent activated functions of the pathway as well as negative feedback.  
Downregulation of Ca2+ channel expression could be another example of feedback meant to limit 
inflammation in a chronically-activated system.  Another possibility is that there is, in fact, 
greater PMNL activation before calving (as suggested by Zhou et al., 2015) but that the 
downregulation of mineral transporters here represents a stronger post-partum effect of Ca2+ 
partitioning to the mammary gland.  The demand for Ca2+ during early lactation is such that all 
intact cows developed post-partum hypocalcemia in one study comparing mastectomized versus 
intact cows (Nonnecke et al., 2003).  The same study also concluded that metabolic demands of 
the mammary gland contributed to general loss of immune cell functions.  The specific inhibitory 
effect of parturition (i.e.: induction of lactation) on Ca2+ signaling in monocytes has also been 
documented (Kimura et al., 2006).  Therefore, genes relevant to Ca2+ signaling in PMNL may be 
better considered from a time effect or interaction perspective as well.   
 Environmental Adaptation.  Circadian Rhythm was downregulated in OVE cows.  
Although this may seem peripheral to immediate immune function, it is suggested that circadian 
rhythm actually plays a role in the function of bovine neutrophils (Nebzydoski et al., 2010).  
Thus, this pathway could help explain the changes in OVE PMNL behavior.  Two key regulating 
factors to circadian rhythm are the cryptochrome (CRY) and period (PER) proteins.  These two 
proteins dimerize and provide negative feedback for their own cyclic gene transcription 
(Mohawk et al., 2012).  The level of activity from these proteins is tightly controlled by 
phosphorylation, dephosphorylation, and ultimately proteolysis (Mohawk et al., 2012, Ella et al., 
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2016).  In OVE cows, cryptochrome gene CRY1 was downregulated, while E3 ubiquitin ligase 
component RBX1 was upregulated.  This combination suggests that there was an inhibition of the 
circadian rhythm in these neutrophils.  Regulatory gene casein kinase 1ɛ (CSNK1E) was also 
downregulated, suggesting that there was less phosphorylation (i.e.: inhibition) to PER (Zheng et 
al., 2014) and some balance to control of the system even as it was altered.  However, as PER 
does not act without CRY, and since there are additional levels of control by phosphorylation, it 
is likely that the system was still shifted.  Dysregulation of circadian rhythm could therefore be 
one contributor to abnormal PMNL function, and it would be useful to elucidate the mechanism 
by which OVE interacts with this system.  This potentially has great importance to the transition 
cow, since the dry period is already associated with photoperiod manipulation, which can also 
influence the immune system and circadian rhythm (Auchtung et al., 2004, Mohawk et al., 
2012). 
 
CONCLUSIONS 
 The present study investigated whether dietary energy intake in the dry period affected 
immune function, as represented by the neutrophil transcriptome.  Both metabolic and non-
metabolic PMNL functions were highly impacted by the difference in energy level.  Together, 
the above results portray that feeding higher-energy diets in the close-up period may prolong 
PMNL lifespan and heighten non-pathogenic inflammation.  With more activated and longer-
circulating immune cells, it is likely that OVE cows experience some degree of chronic 
inflammation.  This confirms results from a previous gene expression study of the same cows, 
and other experiments which document poorer health outcomes in overfed transition cows.  
Although no clinical disease or production differences were observed in these cows, chronic 
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inflammation may result in subclinical or long-term health conditions that should be considered.  
Additionally, the present study has highlighted a few topics which would benefit from further 
examination.  Of specific interest to the immune function of transition cows might be the 
expanding role of the mitochondria in active neutrophils, purinergic signaling, and the 
contrasting results for translation- and TLR-related genes and pathways, including how they 
contribute to cell survival.  Generating appropriate data in response will require more bovine- 
and neutrophil-specific work, since many differences may exist between bovine PMNL and yeast 
or human line cells, which mostly contribute to current literature relevant to the KEGG 
pathways.  Future research on these specific topics as well as more cow-level outcomes should 
confirm whether overfeeding creates any immune or metabolic disadvantage to the transition 
cow.  If true, controlling or restricting dry period dietary energy may be justified, and nutrition 
trials will be useful to pinpoint more ideal energy levels.  
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TABLES AND FIGURES 
 
Table 3.1. Differentially-expressed genes with fold change (FC) greater than +3 in cows overfed 
a moderate-energy diet (OVE) versus fed to maintenance with a control-energy diet (CON). 
 
Gene Symbol Gene Name FC 
MRPL24 mitochondrial ribosomal protein L24 15.76 
TLR5 toll like receptor 5 11.28 
SURF6 surfeit 6 9.38 
CHPF chondroitin polymerizing factor 9.12 
CEBPG CCAAT/enhancer binding protein gamma 8.36 
RNF19B ring finger protein 19B 7.47 
GADD45B growth arrest and DNA damage inducible beta 7.28 
HMG20A high mobility group 20A 7.03 
SNCAIP synuclein alpha interacting protein 6.44 
CLIP1 CAP-Gly domain containing linker protein 1 5.53 
ANAPC16 anaphase promoting complex subunit 16 5.30 
ATP5G1 ATP synthase, H+ transporting, mitochondrial Fo complex subunit C1 
(subunit 9) 
5.28 
ACTL6A actin like 6A 5.18 
LSM7 LSM7 homolog, U6 small nuclear RNA and mRNA degradation associated 4.84 
DAZAP2 DAZ associated protein 2 4.83 
IGFBP5 insulin like growth factor binding protein 5 4.76 
DCK deoxycytidine kinase 4.70 
SELL selectin L 4.45 
RPL37 ribosomal protein L37 4.41 
COPS6 COP9 signalosome subunit 6 4.38 
MOCS3 molybdenum cofactor synthesis 3 4.37 
MRI1 methylthioribose-1-phosphate isomerase 1 4.36 
C7H19orf25 chromosome 7 open reading frame, human C19orf25 4.33 
EEF1B2 eukaryotic translation elongation factor 1 beta 2 3.99 
EIF4B eukaryotic translation initiation factor 4B 3.88 
ATP5E ATP synthase, H+ transporting, mitochondrial F1 complex, epsilon subunit 3.88 
MRPL22 mitochondrial ribosomal protein L22 3.77 
MUM1 melanoma associated antigen (mutated) 1 3.68 
LCP2 lymphocyte cytosolic protein 2 3.66 
ATP5A1 ATP synthase, H+ transporting, mitochondrial F1 complex, alpha subunit 1, 
cardiac muscle 
3.65 
COL18A1 collagen type XVIII alpha 1 3.58 
FNDC3B fibronectin type III domain containing 3B 3.53 
AGPAT5 1-acylglycerol-3-phosphate O-acyltransferase 5 3.45 
SARS seryl-tRNA synthetase 3.44 
ATP5G3 ATP synthase, H+ transporting, mitochondrial Fo complex subunit C3 
(subunit 9) 
3.43 
SOX15 SRY-box 15 3.39 
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Table 3.1. (cont.) 
 
SDS serine dehydratase 3.39 
SNRPG small nuclear ribonucleoprotein polypeptide G 3.37 
COX11 COX11 cytochrome c oxidase assembly homolog (yeast) 3.37 
DNAJC19 DnaJ heat shock protein family (Hsp40) member C19 3.35 
MPG N-methylpurine DNA glycosylase 3.33 
ZNF143 zinc finger protein 143 3.30 
MRPL52 mitochondrial ribosomal protein L52 3.21 
ANAPC10 anaphase promoting complex subunit 10 3.20 
NR1H3 nuclear receptor subfamily 1 group H member 3 3.14 
MTFMT mitochondrial methionyl-tRNA formyltransferase 3.09 
CPO carboxypeptidase O 3.09 
EBNA1BP2 EBNA1 binding protein 2 3.02 
SMARCE1 SWI/SNF related, matrix associated, actin dependent regulator of chromatin, 
subfamily e, member 1 
3.01 
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Table 3.2. Differentially-expressed genes with fold change (FC) less than -3 in cows overfed a 
moderate-energy diet (OVE) versus fed to maintenance with a control-energy diet (CON). 
 
Gene Symbol Gene Name FC 
TMEM192 transmembrane protein 192 -7.12 
C15H11orf31 chromosome 15 open reading frame, human C11orf31 -6.39 
RFNG RFNG O-fucosylpeptide 3-beta-N-acetylglucosaminyltransferase -6.25 
ACTA2 actin, alpha 2, smooth muscle, aorta -6.11 
ATG2A ATG2 autophagy related 2 homolog A (S. cerevisiae) -6.02 
ARID4A AT-rich interaction domain 4A -5.46 
TMEM220 transmembrane protein 220 -5.29 
FER FER tyrosine kinase -5.11 
MGC139164 uncharacterized LOC509649 -5.03 
TPST1 tyrosylprotein sulfotransferase 1 -4.81 
ZMAT3 zinc finger, matrin-type 3 -4.81 
SNRPA small nuclear ribonucleoprotein polypeptide A -4.79 
DGAT2 diacylglycerol O-acyltransferase 2 -4.79 
GPBAR1 G protein-coupled bile acid receptor 1 -4.75 
PARD6G par-6 family cell polarity regulator gamma -4.73 
ENPP5 ectonucleotide pyrophosphatase/phosphodiesterase 5 (putative) -4.67 
EIF2S2 eukaryotic translation initiation factor 2 subunit beta -4.66 
PI4K2A phosphatidylinositol 4-kinase type 2 alpha -4.64 
NRG4 neuregulin 4 -4.62 
LOC100196900 uncharacterized LOC100196900 -4.60 
SKP2 S-phase kinase-associated protein 2, E3 ubiquitin protein ligase -4.49 
DCTPP1 dCTP pyrophosphatase 1 -4.43 
FAM45A family with sequence similarity 45 member A -4.37 
LDLRAD3 low density lipoprotein receptor class A domain containing 3 -4.36 
DEDD2 death effector domain containing 2 -4.30 
ARHGAP25 Rho GTPase activating protein 25 -4.27 
PDIA2 protein disulfide isomerase family A member 2 -4.23 
RPL9 ribosomal protein L9 -4.18 
SLC40A1 solute carrier family 40 (iron-regulated transporter), member 1 -4.10 
IL12B interleukin 12B -4.07 
DYNLRB1 dynein, light chain, roadblock-type 1 -4.05 
ZNF7 zinc finger protein 7 -4.03 
UTP18 UTP18 small subunit processome component -3.95 
MRPL35 mitochondrial ribosomal protein L35 -3.92 
CYLD cylindromatosis (turban tumor syndrome) -3.90 
SERPINB7 serpin peptidase inhibitor, clade B (ovalbumin), member 7 -3.90 
POLR2G polymerase (RNA) II (DNA directed) polypeptide G -3.87 
CREBRF CREB3 regulatory factor -3.85 
EFL1 elongation factor like GTPase 1 -3.83 
TXNDC15 thioredoxin domain containing 15 -3.74 
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Table 3.2. (cont.) 
 
BTBD6 BTB (POZ) domain containing 6 -3.73 
MARK2 MAP/microtubule affinity-regulating kinase 2 -3.68 
CEP78 centrosomal protein 78kDa -3.67 
LOC619061 60S ribosomal protein L9 pseudogene -3.62 
CYP51A1 cytochrome P450, family 51, subfamily A, polypeptide 1 -3.61 
KLF11 Kruppel-like factor 11 -3.61 
LYPLAL1 lysophospholipase like 1 -3.59 
LOC523083 olfactory receptor 2S2 -3.57 
TMOD3 tropomodulin 3 -3.54 
SLC10A2 solute carrier family 10 (sodium/bile acid cotransporter), member 2 -3.52 
LRP10 LDL receptor related protein 10 -3.50 
SLC1A6 
solute carrier family 1 (high affinity aspartate/glutamate transporter), 
member 6 -3.49 
SLC2A3 solute carrier family 2 (facilitated glucose transporter), member 3 -3.49 
PRKACA protein kinase, cAMP-dependent, alpha catalytic subunit -3.48 
VAMP3 vesicle associated membrane protein 3 -3.46 
TOX2 TOX high mobility group box family member 2 -3.43 
SLC30A1 solute carrier family 30 (zinc transporter), member 1 -3.42 
TMEM119 transmembrane protein 119 -3.41 
BNC1 basonuclin 1 -3.41 
FDPS farnesyl diphosphate synthase -3.41 
HIPK3 homeodomain interacting protein kinase 3 -3.38 
FAM117A family with sequence similarity 117 member A -3.34 
LOC618070 putative olfactory receptor 2B8 -3.34 
HSD17B11 hydroxysteroid (17-beta) dehydrogenase 11 -3.34 
CCDC8 coiled-coil domain containing 8 -3.32 
TUBA1B tubulin, alpha 1b -3.27 
CTNNBL1 catenin beta like 1 -3.25 
RPS27L ribosomal protein S27 like -3.22 
CHCHD2 coiled-coil-helix-coiled-coil-helix domain containing 2 -3.22 
NFKBIA 
nuclear factor of kappa light polypeptide gene enhancer in B-cells 
inhibitor, alpha -3.22 
STRADA STE20-related kinase adaptor alpha -3.22 
YME1L1 YME1 like 1 ATPase -3.19 
PHB prohibitin -3.16 
METTL2A methyltransferase like 2A -3.16 
POLR3D polymerase (RNA) III (DNA directed) polypeptide D, 44kDa -3.16 
PSMG2 proteasome (prosome, macropain) assembly chaperone 2 -3.15 
CYSTM1 cysteine-rich transmembrane module containing 1 -3.15 
NPVF neuropeptide VF precursor -3.14 
PSMA7 proteasome subunit alpha 7 -3.13 
HOXC11 homeobox C11 -3.12 
SOBP sine oculis binding protein homolog -3.11 
 118 
 
 
Table 3.2. (cont.) 
 
PRDX3 peroxiredoxin 3 -3.10 
TGFBR2 transforming growth factor beta receptor II -3.10 
PDLIM7 PDZ and LIM domain 7 -3.08 
CCDC137 coiled-coil domain containing 137 -3.07 
EIF1AX eukaryotic translation initiation factor 1A, X-linked -3.05 
LOC100126544 uncharacterized LOC100126544 -3.03 
CASP8AP2 caspase 8 associated protein 2 -3.02 
KIF3C kinesin family member 3C -3.02 
RPL9 ribosomal protein L9 -3.02 
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Figure 3.1. Summary of treatment effect on all Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathways in neutrophils of overfed (OVE) versus control-fed (CON) cows, divided by 
category and subcategory.  The second column of white bars indicates impact on a relative scale 
of 0 to 50.  The third column of grey and black bars indicates flux, or direction of impact, on a 
scale of -25 to +25, where grey bars represent negative flux (-25 to 0) and black bars represent 
positive flux (0 to +25). 
 
  
Category Impact -Flux | + Flux
1. Metabolism
0.1 Metabolic Pathways
1.1 Carbohydrate Metabolism
1.2 Energy Metabolism
1.3 Lipid Metabolism
1.4 Nucleotide Metabolism
1.5 Amino Acid Metabolism
1.6 Metabolism of Other Amino Acids
1.7 Glycan Biosynthesis and Metabolism
1.8 Metabolism of Cofactors and Vitamins
1.9 Metabolism of Terpenoids and Polyketides
1.10 Biosynthesis of Other Secondary Metabolites
1.11 Xenobiotics Biodegradation and Metabolism
2. Genetic Information Processing
2.1 Transcription
2.2 Translation
2.3 Folding, Sorting and Degradation
2.4 Replication and Repair
3. Environmental Information Processing
3.1 Membrane transport
3.2 Signal Transduction
3.3 Signaling Molecules and Interaction
4. Cellular Processes
4.1 Transport and Catabolism
4.2 Cell Motility
4.3 Cell Growth and Death
4.4 Cell Communication
5. Organismal Systems
5.1 Immune System
5.2 Endocrine System
5.3 Circulatory System
5.4 Digestive System
5.5 Excretory System
5.6 Nervous System
5.7 Sensory System
5.8 Development
5.9 Environmental Adaptation
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Figure 3.2. Top 20 impacted Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways in 
neutrophils of overfed (OVE) versus control-fed (CON) cows, ranked as such.  The second 
column of white bars indicates impact on a relative scale of 0 to 100.  The third column of grey 
and black bars indicates flux, or direction of impact, on a scale of -50 to +50, where grey bars 
represent negative flux (-50 to 0) and black bars represent positive flux (0 to +50).   
 
 
 
 
 
Pathway Impact -Flux | +Flux
Thiamine metabolism
Ribosome
Glycosaminoglycan biosynthesis - chondroitin sulfate
Oxidative phosphorylation
Ubiquinone and other terpenoid-quinone biosynthesis
RNA polymerase
Circadian rhythm - mammal
RNA transport
Proteasome
Spliceosome
Aminoacyl-tRNA biosynthesis
Ribosome biogenesis in eukaryotes
RNA degradation
Toll-like receptor signaling pathway
Biosynthesis of unsaturated fatty acids
Pyrimidine metabolism
One carbon pool by folate
Purine metabolism
Osteoclast differentiation
Mineral absorption
